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ABSTRACT
The purpose o f this study was to describe the gait characteristics of children with 
unilateral transtibial amputation. Four subjects with a imilateral transtibial amputation, 
ranging in age from twelve to sixteen years, were recruited through Mary Free Bed’s 
Center for Limb Deficiency. Testing was performed at the Mary Free Bed Motion 
Analysis Center under an established protocol for collecting and processing kinetic, 
kinematic, and temporal-spatial parameters using the Vicon® 512 motion analysis 
system. EMG data were processed using custom Matlab® (version 5.13) programs. The 
gait of each subject was individually evaluated for key gait events. Some important 
findings include decreased ankle power generation in terminal stance, compensatory hip 
extension power in early stance, co-contraction of the rectus femoris and hamstring 
muscles, and overall interlimb asymmetry. Generalization of these findings to the larger 
population is not possible, however there are some findings that are contrary to previous 
research.
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KEY WORDS
Acquired Amputation: Any injury, illness, or medical complication that results in the 
loss o f a limb or limbs.
.Ankle Rocker: Forward momentum of the body over the foot as the ankle maintains 5° of 
ankle dorsiflexion. This occurs in the loading response.
Cadence: Number o f steps taken by each leg in a minute.
Congenital: Occurring prior to birth.
Cross-talk: Electrical information from other muscles in the area of the electrode that are 
not being selected by the EMG placement. This additional input can confound the 
findings of an EMG sample.
Double Limb Support: Weight bearing on both legs during the gait cycle. Indicates the 
transition between swing and stance phase for both limbs. Measured as percent gait
cycle.
Electromyography: Use of electrodes, on the skin over target muscles, or within the belly 
of target muscles, to detect any electrical activity coming from the muscle.
Fibular Hemimelia: Total absence o f the fibula at birth
Forefoot Rocker: The triceps surae allows maximal forward progression by controlling 
ankle dorsiflexion and allowing the heel to rise. This occurs at terminal stance.
Gait cycle: Measured as two successive initial contacts of the same foot.
Heel Rocker: The body progresses forward over the heel at initial contact of the foot as it 
begins to load weight.
Initial Contact: The phase of gait in which the reference limb first makes contact with the 
supporting surface.
Kinematic Data: Data related to the motion o f limb segments and joints as they move 
through space.
Kinetic Data: Data related to the forces that the body applies on the environment and the 
forces that the environment applies to the body.
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Limb Deficiency: Malformation that occur in utero that results in the partial or total non­
development of a limb.
Loading Response: The phase of gait following initial contact when the reference limb is 
accepting weight.
Mid-Stance: The phase o f gait where the body progresses over a single limb.
Pre-Swing: The phase o f  gait when rapid unloading o f the limb occurs as weight is 
transferred onto the contralateral limb.
SACH foot: Solid Ankle Cushioned Heel prosthetic foot.
SAFE foot: Stationary Ankle Flexible Endoskeleton prosthetic foot.
Single Limb Support: Weight bearing on one leg during the gait cycle. Measured as 
percent gait cycle.
Stance Phase: The phase o f gait in which the reference limb is in contact with the 
supporting surface. Composed of initial contact, loading response, mid-stance, terminal 
stance and pre-swing.
Step length: Distance measured from initial contact to contralateral initial contact, in
meters.
Stride Length: Distance measured from initial contact to next ipsilateral initial contact, in
meters.
Swing Phase: The phase o f gait during which the reference limb is not in contact with 
the supporting surface. Composed o f initial swing, mid-swing, and terminal swing.
Terminal Stance: The phase of gait where the body weight is transferred to the forefoot.
Trans-Femoral Amputation: Amputation through the femur.
Transtibial Amputation: Amputation through the tibia and fibula.
Triceps Surae: A collective term for the medial and lateral head of the gastrocnemius and 
soleus muscles.
Velocity: The rate o f forward progression, measured in meters per second.
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CHAPTER 1 
INTRODUCTION
It has been estimated that more than 30,000 upper and lower limb amputations are 
performed in North America every year (Prince, Winter, Sjonnensen, Powell, & 
Wheeldon, 1998). The majority of lower extremity amputations occur primarily from 
complications due to peripheral vascular disease in patients older than 60 years (Culham, 
Peat, & Newell, 1986). In younger populations, the majority of amputations result from 
traumatic injuries sustained in motor vehicle accidents (May, 1996). The population 
most at risk for these types of amputations is males aged 18-30 years. Acquired 
amputations during the childhood years (birth to 18 years) resulting from motor vehicle 
accidents, cancer and infections can have a severe physical and psychological impact on 
the child (May, 1996). Each child with an amputation presents a unique challenge to the 
medical professionals involved. Kalamchi (1989) indicated that these patients 
experienced different symptoms than adult patients, primarily because the injury occurred 
when the child was still undergoing bone development. An amputation that transects a 
long bone at this critical time causes growth patterns to be interrupted. Uncontrolled 
bone growth at the distal end o f the residual limb can cause sharp bony growths to 
develop throughout the child's growing years, which typically requires several surgical 
revisions as the child’s bone structure develops. Post-traumatic depression related to the 
lost limb, as well as psychological acceptance o f the prosthesis, are concerns for all of 
these patients.
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Although acquired amputations do occur in children with some frequency, 
congenital amputations are the most common form of limb loss in this age group. 
Compared to acquired amputations, congenital factors are twice as common, occurring in 
approximately 0.5% of live births (Kalamchi, 1989). Factors that can contribute to any 
congenital limb deficiency include environmental influences occurring at critical periods 
of embryological development, genetic factors, or a combination o f the two (Brashear & 
Raney, 1986). The environmental influences that can alter development include 
intrauterine trauma and ischemia, and environmental teratogenic agents, such as 
thalidomide, excessive radiation, rubella, toxoplasmosis, and alcohol. Genetic factors 
such as chromosomal abnormalities and gene mutations, though present in approximately 
one of every 200 infants, have been estimated to account for approximately 10% of 
human congenital deficiencies (Brashear & Raney, 1986).
With respect to congenital amputations, fibular deficiencies are the most common 
long bone deficiency with total absence more common than partial absence, and 
unilateral absence more common than bilateral (Brashear & Raney, 1986). Total absence 
of the fibula is referred to as fibular hemimelia. This deficiency most often occurs 
unilaterally and typically presents with other anomalies. Brashear and Raney (1986) 
described the presentation of fibular hemimelia as shortening of the affected limb, 
anterior bowing of the tibia, equinovalgus positioning of the shortened foot, and various 
toe deformities. These children still have an intact foot, however it is typically deformed 
and rarely functional. The locations of the residual bone structures are easily discernable 
with standard radiographic procedures. However, in the absence o f a fibula, typical
attachment sites on this bone for various muscles must be altered. There is no literature 
explaining the different attachments o f important musculature such as the biceps femoris, 
tibialis posterior, flexor digitorum longus, flexor hallucis longus, the peroneal muscles, 
and the dorsiflexor muscles. The biceps femoris and the dorsiflexor muscles play an 
important role in the gait cycle. Any variation o f the insertion and origin sites o f the 
lateral hamstrings and prétibial muscles, respectively, will likely change the direction of 
the biomechanical pull that these muscles have on the distal lower extremity, ultimately 
altering the gait pattern.
Fibular hemimelia is typically treated within the first two years o f life. A 
common treatment protocol consists o f a Syme's amputation initially, which removes the 
intact but non-functional foot. This amputation preserves the growth plate at the distal 
tibia, minimizing the shortening of the limb as the child ages. It also provides the patient 
with a relatively long residual limb for a prosthesis (Kalamchi, 1989). By performing the 
amputation early in life (12-18 months old) the child will learn how to use the prosthesis 
as a natural replacement for the lost limb and optimize acceptance of the prosthesis 
(Kalamchi, 1989). Early prosthetic intervention also allows the child to move through 
the typical milestones of human development, such as walking unsupported, skipping, 
jumping, and running (Kalamchi, 1989).
The primary goal o f any intervention for a child or adult with an acquired 
amputation is to achieve or return optimal function respectively. Regarding amputations 
of the lower extremity, the primary goal is typically the return to functional walking, if 
possible (Winter & Sienko, 1988). This process begins with the fabrication o f the proper
prosthesis, followed by an intensive rehabilitation program. Some o f  the important goals 
of rehabilitation are educating the patient in the care of the residual limb and prosthesis, 
donning and doffing the prosthesis, and gait retraining. The goal o f  gait training is to 
approximate the normal gait cycle as close as possible to optimize energy efficiency and 
maximize function and adaptability. Children with congenital limb deficiencies are 
introduced to their prosthesis as early as possible, preferably before pre-gait skills have 
begun, to promote proper usage o f the adaptive equipment.
Rehabilitation plays a key role in the success of people with a transtibial 
amputation. The primary goal for almost all patients with below knee amputations is to 
achieve maximal functional ambulatory skill. Safe and efficient ambulation is of 
paramount importance, however the aesthetics of the typical bipedal gait is also a 
desirable outcome. Functional ambulation with a prosthesis has both physical and 
psychological benefits. Some of the physical benefits include the ability to perform 
weight-bearing activities through both lower extremities, exercise, and the other activities 
of daily living without special modifications. Some psychological benefits include the 
individual’s independence with most activities, better self-image, and increased 
motivation to succeed. Winter and Sienko (1988) found that individuals with a lower 
extremity amputation should be able to stand and walk with a prosthesis in order to feel 
confident with their activities of daily living.
To date, there have been numerous studies performed to study the gait of 
individuals with a transtibial amputation. The focus of the majority o f  studies has been to 
assess the efficiency and quality of the vast array o f prosthetic feet that are available
(Winter & Sienko, 1988; Barr, Seigel et al., 1992; Czemiecki & Gitter, 1994; Prince et 
al., 1998). Currently, there is little research available on the gait parameters of children 
with amputations. Even less literature is available on children with congenital 
amputations o f the lower extremity. Specific kinetic, kinematic, and EMG data for these 
populations could provide the rehabilitation team with assistance in designing treatment 
interventions. The use o f computerized gait analysis has been found to be very 
successful in the evaluation of the gait patterns and prosthetic alignment of individuals 
with lower extremity amputations (Oberg & Lanshammar, 1982). Computerized gait 
analysis gives quantitative information on three-dimensional kinematics and kinetics, as 
well as detailed electromyographic data regarding the gait cycle.
The purpose o f this study was to describe the gait patterns and parameters, 
including kinetic, kinematic, and electromyographic data, for youths with unilateral 
transtibial amputation. This research will add to the available body o f knowledge 
regarding three-dimensional force, moment, and kinematic gait analysis as well as 
electromyography o f specific hip muscles for children with unilateral transtibial 
amputations.
CHAPTER 2 
LITERATURE REVIEW
Human beings begin walking usually within the first fifteen months o f life. It is 
believed that even before birth we are preprogrammed with walking and weight-bearing 
reflexes (Crutchfield & Bames, 1993). Throughout the first few years o f our lives, 
walking quickly becomes our primary form of mobility, allowing us to explore our 
environment with the unhindered use of our upper extremities. All human beings 
ambulate with a similar motor program, however, each person's gait is distinctly their 
own. Individual gait characteristics are a compilation of all the structural variations 
(Padula & Friedman, 1991). When a child is bom without a limb, or part of a limb, the 
body will adapt as it explores its environment. Some congenital absences, like fibular 
hemimelia, require surgical interventions and prosthetic training to reduce the gait 
deviations the child may develop. Other children suffer the traumatic loss of a limb 
during the course of their young lives. These children typically are retrained for 
ambulation using a prosthetic limb. People of all ages with amputations utilize 
systematic compensatory responses to create a gait pattern that is safe and functional 
(Padula & Friedman, 1991). Computerized gait analysis for these patients is useful in the 
diagnosis of deviant gait pattems (Winter, 1984) and provides an objective basis for 
treatment interventions.
Normal Adult Gait Parameters
A study explaining the gait characteristics o f amputee populations would be 
remiss without addressing the components o f the normal gait pattern. The action o f 
walking is the result o f  a complex integration of neurologic, muscular, and skeletal 
systems. Normal gait has been described as the symmetrical motions o f the lower 
extremities as they move through the gait cycle (Hurley, McKermy, Robinson, Zadravec, 
& Pierrynowski, 1990). Gait is typically divided into two main phases; stance and swing. 
Stance phase typically accounts for 60-62% of the gait cycle, while swing phase is 
responsible for 38-40%. Gait parameters provide a way for researchers to study the 
symmetry of a gait pattern. Gait o f a normal individual shows near perfect symmetry 
(Isakov, Krajnik, Gregoric, & Marincek, 1997). Some the most important gait 
parameters include cadence (steps/min), velocity (m/sec), stride length (m), step length 
(m), single limb support time (% gait cycle), and double limb support time (%gait cycle). 
Skinner and Effeney (1985) measured the gait parameters in normal adult gait. They 
indicated that cadence was the least consistent of the above measures. Gait velocity was 
shown to correlate with acute problems of the joints and muscles o f the lower extremities. 
Skinner and Effeney (1985) also indicated that step length was a very sensitive index to 
the changes in gait for all age groups. They reported a normal gait cadence at 113 
steps/min, velocity 90.6 m/min (1.51 m/sec), stride length 1.56 m, and gait cycle time at 
1.06 m/sec.
May and Davis (1974) also measured some o f the gait parameters for the normal 
gait of active adults. The gait parameters they described included cadence, stride length.
8and velocity. For the normal adult (age 20-40 years old), the cadence was 105 steps/ min, 
velocity was measured to be 5.0 ft/sec (1.52 m/sec), and stride length was 59 in. (1.49 m).
Biomechanical Characteristics o f Normal Gait 
The biomechanics of gait refers to the description of the kinetics and kinematics 
o f the body as it moves through space. The study o f kinetics pertains to the forces, and 
the limb segment movements that occur concurrently. According to May and Davis 
(1974) these forces include both internal (muscle reaction forces and bone stresses) and 
external forces (ground reaction force, limb weight, and inertial forces). During gait with 
a prosthesis, the internal forces also include the inherent prosthetic control forces within 
the joints, the stresses placed on the residual limb by the socket, and the stresses and 
strains within the thigh or shank. The kinematic analysis refers to the displacement, 
velocity, and acceleration (both linear and angular) that occur at each limb segment and 
joint. The measurement of kinematics has commonly been performed by observation or 
by computerized three-dimensional imaging. This study will use computerized gait 
analysis to acquire, analyze, and interpret the kinetic, kinematic, electromyographic 
(EMG), and temporal-spatial data. The following is a brief description o f the kinetics and 
kinematics of normal gait, as reported by biomechanists and clinicians from Ranchos Los 
Amigos Medical Center (1996).
Human gait typically involves fluid motion o f the trunk and joints o f the lower 
extremities. The lower extremity joint angles listed under each phase indicate the 
average position o f the joint as it moves through space at that particular time.
Stance Phase
Stance phase consists o f weight acceptance, and single limb stance. During the 
stance phase the ground exerts an equal force opposite to the direction and magnitude of 
the force that the foot applies to the floor known as the ground reaction force (GRP). The 
GRP, the weight o f the limb, and the forces of inertia play a major role in guiding the 
joints and provoking muscular reactions to maintain balance throughout the gait cycle.
Weight acceptance consists o f initial contact and loading response. At initial 
contact the critical event that occurs is heel first contact. Heel contact allows the 
individual to prepare the foot for proper anatomical loading by setting the ankle in 
subtalar neutral, and contracting the ankle dorsiflexors in preparation for their eccentric 
activity during loading. The hip is flexed 25“ and the knee and ankle are in a neutral 
position. The hip extensor muscles act to stabilize the hip from the flexor moment at the 
initial contact and dorsiflexors are active to decelerate the foot as it approaches the floor. 
The second phase in weight acceptance is the loading response. Loading response occurs 
when a foot-flat position is attained and shock absorption is completed. At this phase the 
critical events are hip stability provided by the hip extensors and abductors, eccentric 
control of the flexor moment at the knee by the quadriceps, and eccentric control of the 
plantar flexion moment at the ankle by the pre-tibial muscles. During loading the hip is 
maintained at 25“ o f flexion, the knee flexes to 15“ o f flexion, and the ankle plantarflexes 
to 10°. The ankle rocker is achieved during this phase, allowing the body to progress 
forward over the ankle.
Single limb support is the final component of stance. It includes mid-stance.
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terminal stance, and preswing. At mid-stance the body moves over the fixed leg using 
the momentum o f  the contralateral swinging leg. The critical event at this phase is 
control of tibial advancement in the sagittal plane. The hip and knee both return to 0°, 
with just the hip abductors active to stabilize the pelvis in the fi*ontal plane. The ankle 
dorsiflexes to 5° o f  dorsiflexion and the triceps surae muscles are active eccentrically to 
control forward progression o f the tibia. In terminal stance, the body moves past the 
fixed forefoot while maintaining control of the dorsiflexion moment. During terminal 
stance the hip hyperextends to 20°, the knee remains at 0°, and the ankle continues to 
dorsiflex to 10°. The triceps surae are still active which contributes to forefoot rocker and 
contralateral step length.
The transition from stance phase to swing phase occurs during the preswing 
subphase. Since the foot is still in contact with the floor, preswing is considered part o f 
stance phase. However, Ranchos Los Amigos also describes preswing as the initial part 
of the swing limb advancement phase of gait. As the foot moves into pre-swing there is a 
transfer of weight from the reference limb to the contralateral limb that Is now beginning 
to load weight. During pre-swing, the foot remains on the ground as the heel rises, the 
hip flexes to 0°, and the ankle actively plantarflexes to 20° of plantarflexion. During this 
phase, the knee passively flexes 40°. This occurs as the foot is still fixed on the ground 
posterior to the body, and the hip is actively flexing.
Swing Phase
Swing phase is divided into three sub-phases — initial swing, mid-swing, and 
terminal swing. The most critical aspect swing limb advancement is toe clearance and
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limb advancement. These critical events are determined in part by adequate hip and knee 
flexion, as well as adequate ankle dorsiflexion.
The initial swing sub-phase occurs when the femur begins to come into flexion 
and the foot clears the ground. In initial swing, the hip flexes to 15° with continued 
activity of the hip flexors. The biceps femoris, gracilis and sartorius muscles are active 
along with gravity to bring the knee to 60° of flexion, and the ankle gradually returns to 
10° of plantarflexion.
During mid-swing the hip continues to flex to 25°, the knee begins to extend to 
25° of flexion in preparation for initial contact, and the ankle dorsiflexes to 0° to insure 
toe clearance. Both medial and lateral hamstrings are active to control hip flexion. 
Equally important, knee flexion is eccentrically controlled by the short head of biceps 
femoris. Terminal swing is the final sub-phase of the gait cycle. During this subphase, 
the ankle is in a neutral position, the knee is extended fully, and the hip is flexed 25° in 
preparation for initial contact.
Electromyographic Analysis of Normal Gait 
Muscle, inherently, is an electrical tissue. As the electrical charges from the 
central nervous system pass through the muscle tissue, the individual fibers respond by 
contracting. The electrical activity can be detected by electrodes, which are either placed 
on the skin overlying the muscles or inserted into the muscle. Kadaba, Wootten, Gainey, 
and Cochran (1985) found that surface electrodes demonstrated several advantages over 
indwelling electrodes, including increased reliability, ease o f  application, and patient
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acceptance when testing large, superficial muscles. Indwelling electrodes are needed 
when testing small or deep muscles. Traditionally, the electromyographic (EMG) data 
have been used to determine the timing and the phasic pattems of the targeted muscles 
(Rose, Ounpuu, & DeLuca, 1991). Phasic data indicate whether the EMG sample is 
normal, out o f phase, or continuous. EMG information can be very useful in determining 
a cause of gait abnormalities in various populations (Rose et al., 1991) and to determine 
treatment options.
In a 1987 study. Winter and Yack assessed the motor pattems and EMG 
variability of specific muscles during normal ambulation. They found greater activity 
and a less variable EMG in the more distal musculature. Tibialis anterior, gastrocnemius, 
and soleus were the most active muscles in the lower extremity during normal gait. The 
more proximal muscles were less active during gait, and demonstrated greater variability 
than their more distal counterparts. The researchers concluded that EMG activity could 
be used to aid in differentiation between normal and pathological gait.
EMG data have also been used to estimate force production in isometric 
contractions and to estimate the relative tension within the muscle (Olney & Winter,
1985). Rose et al. (1991) indicated that the clinical usefulness of EMG analysis rested in 
determining the phase activity of the muscle. Winter and Scott (1991) added to the 
usefulness of the EMG analysis by deriving a technique to determine the tension within 
individual muscles during gait. They documented tension development o f  six commonly 
studied muscles: soleus, medial gastrocnemius, tibialis anterior, vastus lateralis, rectus 
femoris, and semitendinosus. The researchers also were able to determine whether these
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muscles were generating (muscle shortening) or absorbing (muscle lengthening) energy. 
This information allowed them to draw conclusions on the strength o f the contraction and 
whether it was eccentric, concentric or isometric in nature.
Adult Transtibial Amputee Gait 
After sustaining a lower extremity amputation there is a period of physical and 
psychological adjustment experienced by the patient. This is a time to learn about caring 
for the residual limb and understanding what functional returns can be expected over 
time. The goal of the rehabilitation program is dependent upon the age o f the patient, 
general physical condition, and level of injury (May & Davis, 1974). The most favorable 
prognosis for a fiill functional recovery usually occurs with young, strong patients with a 
long residual limb (Kegel, Carpenter, & Burgess, 1978). Rehabilitation for the transtibial 
amputee is performed to enable the patient to return to their normal life and a suitable 
occupation. Functional ambulation allows for a significant degree of independence and is 
one of the most important goals for the amputee (May & Davis, 1974).
Transtibial amputee gait shows distinct variations from the normal gait. With the 
loss of active ankle plantarflexion, the patient loses approximately 80% of their normal 
ankle power generation during pre-swing of the normal walking cycle (Winter, 1983). 
Lacking this energy source, the body is forced to compensate by using the hip for power 
generation for the prosthetic limb (Colbome et al., 1992).
Breakey (1976) researched gait parameters o f individuals with unilateral, 
transtibial amputations. He reported the gait patterns o f individuals with amputations
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was asymmetrical, as evidenced by a longer stance time on the normal limb, and 
conversely a shorter stance time on the amputated limb. It was also found that the step 
length was longer on the prosthetic limb, however it was accomplished in less time than 
the contralateral side. These values show the degree o f asymmetry between the two 
lower extremities. The researcher also found that the peak knee flexion o f the prosthetic 
limb was 45° in swing phase, whereas the non-prosthetic limb peak knee flexion 
measured 51°.
Robinson, Smidt, and Arora (1977) collected gait parameter measurements on 
nineteen adults with unilateral transtibial amputations. These authors found that the 
velocity ( 1.07 m/s), cadence (96 steps/min), step length (prosthetic limb 0.68 m; non- 
prosthetic 0.63 m) and stride length (1.32 m) were less than in their normal counterparts. 
The step lengths indicated that there was a greater distance covered in less time from heel 
strike of the uninvolved limb to heel strike of the prosthetic limb. It was also found that 
the subjects spent more time in stance phase with the uninvolved lower extremity 
compared with the involved side.
Kegal, Burgess, Starr, and Daly (1981) researched the effects of residual limb 
strength training on the gait o f individuals with transtibial amputations using biofeedback 
and an isometric training program. Four adults with transtibial amputations were 
involved in a ten-week program to strengthen the residual limb musculature. The four 
participants showed an average increase of 13% in gait velocity. However, the strength 
increase resulted in a signiflcant increase in gait asymmetry for three of the four subjects. 
The researchers suggested that the increased gait velocity after this type of exercise
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program may be a significant motivating factor for other amputees to begin exercising 
their residual limbs.
Skinner and Effeney (1985) summarized the characteristics o f  adults with a 
unilateral transtibial amputation, adults with a unilateral transfemoral amputation, and 
adults without amputations. The two adults with a transtibial amputation demonstrated 
an average velocity of 68 m/min (1.13 m/sec), a cadence of 98 steps/min, and a stride 
length of 1.38 m. The results indicated that the adults with a transtibial amputation 
walked slower and required more energy than that required by normal ambulators. The 
group with transtibial amputations walked faster and required less energy than the group 
with transfemoral amputations.
Winter and Sienko (1988) also investigated the biomechanics o f eight subjects 
with transtibial amputations (seven with SACH feet, one with a Griessenger foot) during 
natural gait speed. The researchers recorded gait parameters, joint power and moments in 
the sagittal plane, and EMG data for each trial. The EMG analysis looked at the rectus 
femoris, vastus lateralis, semitendinosus, biceps femoris, and gluteus maximus. The 
results o f the gait parameter analysis showed a stride length of 1.27 m, velocity of 0.97 
m/s, and cadence of 92 steps/min. The kinetic data for the ankle of the prosthetic limb 
indicated that there was a 30-40% decrease in power generation at terminal stance. The 
researchers stated that adaptations occurred in the gait cycle o f amputees to compensate 
for the lost propulsion power. The primary compensation occurred at the hip in early 
stance. It was thought that the hip extensor muscles generated more power at this time. 
However, increasing the hamstring muscle activity also created an applied flexion
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moment at the knee that required the rectus femoris and the vasti muscles to counter act. 
This activity was recorded as a co-contraction o f  the hamstring muscles and the rectus 
femoris and the vastus lateralis muscle.
Culham, Peat, and Newell (1986) performed research regarding EMG patterns of 
subjects with unilateral transtibial amputations. The medial hamstrings and vastus 
lateralis muscles were tested on ten subjects with transtibial amputations with a 
comparison of the SACH and Single-Axis prosthetic feet. Results showed that the 
normal contralateral limb demonstrated a normal EMG pattem throughout the gait cycle. 
The prosthetic limb showed an increased time o f  firing in both the medial hamstring and 
the vastus lateralis with either foot. The SACH foot appeared to cause more co­
contraction of the quadriceps and the hamstrings in mid-stance. The researchers 
theorized that this increased muscle activity was a compensatory response for the lack of 
ankle movement in some prosthetic devices.
Winter (1991) reported on a case study for a 66 year old unilateral transtibial 
amputee. He analyzed joint kinetics (power, forces, and moments) and EMG (vastus 
lateralis, rectus femoris, biceps femoris, semitendinosus, and gluteus maximus). The 
results of the case indicated that this subject had an increased hip extensor moment in 
early stance that was created by the gluteus maximus and the hamstring muscles. In 
addition, there was a co-contraction of the rectus femoris muscle during weight 
acceptance to offset the increased knee flexor moment created by the hamstrings.
Foot loading in stance can be used as an indicator of prosthetic alignment. A 
properly adjusted foot strikes the ground like the natural foot and focuses the center of
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pressure on the appropriate natural structures o f the residual limb, as dictated by the 
prosthesis. Improper alignment, pressure sores, joint or muscle pain, and contractures 
can cause the gait asymmetry (Lord & Smith, 1984). Lord and Smith (1984) tested the 
foot loading capacity and foot center o f pressure in nine subjects with transtibial 
amputations, eleven subjects with transfemoral amputations, and forty-two normal 
subjects. They reported that the normal subjects demonstrated near equal foot center o f 
pressure on both sides. The subjects with transtibial and transfemoral amputations placed 
approximately 40% of their weight on the prosthetic side and approximately 60% on the 
normal side. No correlation was drawn between the type of foot worn and the location of 
the center o f foot pressure.
Rossi, Doyle, and Skinner (1995) analyzed the “center o f pressure” and ground 
reaction forces during the gait initiation in persons with transtibial amputations. Seven 
subjects initiated gait under varying conditions o f prosthetic alignment. The subjects 
loaded the intact limb significantly more than the prosthetic limb throughout all o f the 
initiation period. The results indicated that these subjects tended to weight the intact limb 
as much and as long as possible. The researchers emphasized the benefits of proper gait 
training early on in the rehabilitation process for lower extremity amputation.
Isakov, Burger, Krajnik, Gregoric, and Marincek (1997) addressed the issue of 
double limb support time in thirteen adults with a transtibial amputation (11 traumatic, 
one peripheral vascular disease, one arterial thrombosis). All o f these subjects were 
using SACH feet. The peak hip and knee joint angles at loading response and terminal 
stance, as well as the total time spent in double limb support time were measured as a
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ratio of symmetry between the unaffected and amputated limbs. The researchers reported 
that the mean double limb support period on the unaffected limb was significantly longer 
than that on the amputated limb. The knee angle o f the amputated limb measured at 
loading response was significantly smaller than the unaffected limb, while the knee angle 
at terminal stance were significantly larger in the amputated limb. There were no 
significant differences between the limbs in terms of the hip joint angles.
Hurley, McKermy, Robinson, Zadravec, and Pierrynowski (1990) studied the role 
of the contralateral limb and limb symmetry in amputee gait by looking at seven subjects 
with transtibial amputations and four non-amputee subjects. The results o f  this study 
supported the hypothesis of amputee gait being asymmetrical when compared with 
normal gait. The asymmetry was attributed to the joint angles of the hip, knee, and ankle 
of both limbs. The mean degree of symmetry reported in this article was 0.802 (+/- 0.04). 
The researchers also noted that the forces across the joints o f the amputees’ contralateral 
limb were not significantly higher than the non-amputees joints, indicating that joints of 
the amputee did not receive a significant amount o f additional stress during walking.
Prosthetic Influence 
The type o f prosthesis and foot component on the prosthesis can have a major 
impact on the functional demands on the affected limb and the entire body. For example, 
Lanshammar ( 1982) found that a 0.5 kg increase in the prosthetic shank weight increased 
the metabolic demands while walking. The alignment and fit of the prosthesis is crucial 
for preventing skin breakdown, minimizing residual limb pain, and promoting long-term
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use of the prosthesis (May, 1996).
Czemiecki and Gitter (1994) described the various foot types and their 
components. The conventional foot design, including SACH (Single Axis Cushioned 
Heel), single axis, and Greissinger foot, were designed with minimal force-absorbing or 
energy-storage characteristics. Today, prosthetic feet are designed to be relatively 
lightweight, and energy efficient. Many of the feet that have been designed recently are 
called "energy-storing" feet, like the Seattle, Carbon Copy II, and the Flex foot. Energy- 
storing prosthetic feet theoretically begin storing energy at initial contact and loading 
response and release this energy as a mechanical push-off as the body travels forward 
over the foot through terminal stance and pre-swing. Much research has been performed 
on comparing the efficiency and energy return of conventional and energy-storing feet.
A sampling of the related articles is provided to illustrate the similarities and differences 
between these feet during gait.
Gitter, Czemiecki, and DeGroot (1991) studied the variations in gait 
biomechanics generated by the SACH, Seattle, and Flex feet on subjects with transtibial 
amputations walking at a velocity of 1.5 m/s. The subjects included five normal adults 
and five adult traumatic transtibial amputees. While testing the SACH foot, the 
researchers noted a negligible amount of energy generated (2.8 Joules) during prosthetic 
limb push-off. Both o f the energy storing foot models demonstrated an increase in 
energy generation (Seattle: 6.7 Joules; Flex foot: 16 Joules) at push-off, however this was 
significantly lower than normal (26 Joules). The energy differences between the energy 
storing feet and the SACH foot were not significant. The kinetic data indicated that there
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was less energy absorbed at the knee during initial contact and loading response. It was 
also found that the hip extensors generated more energy during these phases. This 
finding was universal for all of the prosthetic feet tested. The researchers hypothesized 
that the consistency of the kinetic, kinematic and EMG data o f hip and knee implied that 
these feet had similar metabolic demands on the body. These findings were consistent 
with those of Winter and Sienko (1988).
Wirta, Mason, Calvo, and Golbranson (1991) tested the effects o f the SACH 
(Single Axis Cushioned Heel), SAFE (Stationary Ankle Flexible Endoskeleton), Seattle, 
Single Axis, and Multiple Axis, prosthetic feet on transtibial amputee gait. A subjective 
questionnaire followed by an objective evaluation determined that these patients typically 
preferred the foot component that provided less impact shock and a greater amount of 
damping for the residual limb on the prosthesis. The Seattle prosthetic foot was found to 
be preferred for young, lightweight patients with a medium residual limb and average 
step length. The SAFE foot was preferred by middle aged individuals that were slightly 
over-weight, who had a long residual limb, and a longer step length. The SACH foot was 
preferred by older amputees with a medium to long residual limb and a shorter step 
length.
Another study that addressed the biomechanics of different prosthetic feet was 
performed by Barr, Seigel, Mcgarvey, Tomasko, Sable, and Stanhope (1992), who 
compared the energy storing capabilities o f the SACH and the Carbon Copy 11 foot. One 
patient with unilateral transtibial amputation performed ten trials with each foot. No 
significant difference was found in the gait parameters or kinematics and moments at the
21
hip and knee between the two feet. The results did show that the Carbon Copy II foot 
stored and returned more energy than the SACH foot, however this energy return was 
clinically insignificant during level walking.
Torbum, Powers, Guiterrez, and Perry (1995) examined energy expenditure 
between dysvascular and traumatic transtibial amputees using five different feet: SACH, 
Seattle Lite, Carbon Copy II, Quantum, and Flex-Foot. Oxygen and Carbon Dioxide 
samples from sixteen amputees were collected from a twenty-minute walk test. The 
results showed that there was no significant difference in the energy consumption 
recorded for the individuals while testing any one o f the five feet. It was noted that the 
traumatic amputee's energy consumption rate was significantly higher than the 
dysvascular group.
Youth and Child Gait 
The rudimentary aspects o f gait begin approximately one year after birth. At this 
point the child is typically able to walk with support for brief periods in time (Crutchfield 
& Barnes, 1993). The child quickly develops the ability to walk without assistance and 
the early signs of running can be seen by the age of eighteen to twenty months. From the 
point the child begins walking to age five the child's gait pattem is quite different from 
adult gait (May & Davis, 1974). May and Davis (1974) describe the child's gait before 
the age of five as being
...characterised [sic] by highly flexed abducted thighs, with little hip function. He 
uses a typical bow-legged, fiatfooted type of walk with little ankle function. This
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toppling gait has the major mobility coming from the knee and passive movement 
occurs as the metatarsophalangeal joints as the child's centre [sic] of gravity is 
displaced in walking. Voluntary and purposeful activity o f the 
metatarsophalangeal joints starts aroimd 3 years o f age.
May and Davis (1974) and Oimpuu, Gage, and Davis (1991 ) concluded that the 
presentation of the child's gait becomes very similar to adult gait by the age of five. With 
respect to the age at which the adult characteristics of gait begin to appear, normal gait 
parameters will vary with the age, height, weight, leg length, physical condition, and 
presence of restrictions or impairments.
Ounpuu et al. (1991) researched the three-dimensional lower extremity kinematics 
of normal pediatric gait. They studied 31 normal children, age five to sixteen, with a 
computerized motion and force analysis system to develop a normative database of 
kinetic and kinematic data for gait in children. The parameters o f gait that they measured 
included velocity (118.9 cm/s), and cadence (127.8 steps/min). Their findings showed 
that the gait of this age group o f children was very similar to adult gait.
Youth and Child Amputee Gait 
Child amputees, whether congenital or acquired, represent an important challenge 
for a rehabilitation team. Proper prosthetic fitting and development o f  good ambulatory 
habits at a young age can prevent many future problems (i.e. joint contractures, decubitus 
ulcers, osteoarthritis). The goal o f the rehabilitation program should not be a flawless 
gait, but a gait in which the patient is efficient and functional (Winter & Sienko, 1988; 
Engsberg, Lee, Patterson, & Harder, 1991). To date, there has been little research
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performed on children with amputations (Schneider, Hart, Zemicke, Setoguchi, & 
Oppenheim, 1993, Engsberg, Lee, Tedford, & Harder, 1993).
Engsberg et al. (1991) compared the vertical external loading and anterior / 
posterior loading during the gait o f children without amputations to those with unilateral 
transtibial amputations. The study included eleven non-amputees (aged 7-11 years) and 
four subjects with unilateral transtibial amputations (aged 6-14 years). The results o f this 
research suggested that vertical external loading and anterior / posterior loading were less 
in the prosthetic limb when compared to both the non-prosthetic limb and compared to 
the limbs of an able-bodied child. However, vertical external loading and anterior / 
posterior loading on the non-prosthetic limb was greater than the loading in both the 
normal and the prosthetic limbs. The researchers suggested that both, the vertical 
external loading and anterior / posterior loading, were greater in the non-prosthetic limb 
to compensate for the weaker load-bearing capacity o f the prosthetic limb. Based on the 
force data that was collected, the authors concluded that the limbs of the amputee did not 
move at the same velocity. It w as proposed that the velocity of the uninvolved limb was 
much faster than that o f the prosthetic limb. The differing limb velocity between the 
amputated and uninvolved limb allowed that amputee to demonstrate a normal velocity 
by compensating for the lost power of the amputated limb with an increase in power from 
the uninvolved limb.
Colbome, Naumann, Longmuir, and Berbrayer (1992) investigated the kinetic, 
kinematic, and metabolic factors of walking in children with transtibial amputations.
Eight subjects, aged 8-18 years, walked using a SACH, then a Seattle foot. The
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kinematic findings for the prosthetic limb included decreased hip extension in late stance 
phase, increased adduction in stance, and increased abduction in swing. The knee 
showed a persistent flexion pattem through stance phase that was thought to result from 
the prosthetic fit, and a valgus position as the leg moved into swing phase. The available 
range of motion at the ankle was restricted by the inherent rigidity of the prosthetic foot 
joint. The kinetic results for the prosthetic limb showed a strong extensor moment at the 
hip through early to mid stance, and a persistent abductor moment present from initial 
contact to midstance. The knee was partly flexed throughout the entire gait cycle, 
however, a co-contraction of the quadriceps femoris and the hamstring muscles assisted 
in maintaining the limb stability throughout stance phase. Joint power results showed the 
hip as the primary power contributor to forward motion through increased extension in 
early stance phase and increased flexion to initiate swing. The prosthetic ankle 
performed as an energy absorber from initial contact through mid-stance, and an energy 
generator, albeit much less than normal, at push-off. These findings agreed with those o f 
Winter and Sienko (1988) and Gitter et al. (1991).
Engsberg, Lee, Tedford, and Harder (1993) compared the ground reaction forces 
of able-bodied children and children with transtibial amputations. Twenty-two subjects 
with transtibial amputations (age 6-16 years) and 225 able-bodied children (age 7-12 
years) were tested using a force-plate during a walking test. The results showed that 
children with amputations had an asymmetrical gait pattem with the non-prosthetic limb 
demonstrating increased rate, time, and magnitude o f loading, compared with the 
prosthetic and the normal limbs in the able bodied children.
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Schneider et al. (1993) compared the gait o f children with transtibial amputations 
while using the SACH and Flex foot. Data were collected with a motion analysis system 
on twelve subjects (nine congenital and three acquired) aged 6-16 years. The authors 
found that the prosthetic limb had less hip range o f motion and more knee range of 
motion, as compared to the uninvolved side. These differences were not significant 
statistically, however the joint-moment profiles of the prosthetic limb indicated a strong 
extensor moment at the hip and flexor moment at the knee throughout stance. There was 
also a plantar flexor moment that dominated at the ankle of the prosthetic limb 
throughout stance. Comparison of joint power between the natural and the prosthetic 
limb showed that the prosthetic limb had lower power absorption and generation except 
for at the hip where generation was increased. It was also found that the Flex foot 
normalized the power generation and joint angles o f the hip, knee, and ankle, however 
this was not found to be statistically significant.
Conclusion
Lower extremity amputations in children are relatively common. Congenital 
malformations are responsible for the majority o f these amputations. Loss o f the 
functional use o f a lower extremity is physically, psychologically, and emotionally 
damaging to a child. Restoring functional use of the residual limb with the use o f a 
prosthetic limb allows these children the opportunity to enjoy their lives more fully. 
Currently, there is little research available on the gait characteristics o f children with 
transtibial amputations. By providing this information, this research will add to the
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available literature regarding the gait characteristics o f children with a unilateral 
transtibial amputation. It is the intention of this study to provide kinetic, kinematic, 
electromygraphic, and temporal-spatial data o f children with a unilateral transtibial 
amputation to provide a more thorough interpretation of their gait patterns.
CHAPTER 3 
METHODOLOGY
Subjects
Four children, three with acquired, transtibial amputations, and one with 
congenital fibular hemimelia and a subsequent Syme’s amputation, were recruited for this 
study. The subject’s ages ranged between ten and sixteen years of age. Each subject 
wore a prosthetic limb with a Flex foot component for no less than two months prior to 
the testing date, and was in good physical health. Other inclusion criteria (See Appendix 
A) included successful completion of a post-amputation rehabilitation program, and a 
residual limb that was relatively free of pain and skin breakdown. It is important to note 
that the type of suspension that was used in the prosthetic limbs of each subject was not 
controlled.
Following the clinical examination, the subject and his/her legal guardian signed 
the informed consent form (Appendix B) prior to participation in the study. All of the 
subjects were recruited through the Mary Free Bed Hospital and Rehabilitation Center's 
Center for Limb Deficiency. All testing was performed at the Motion Analysis Center 
(MAC) in Grand Rapids, MI.
Instrumentation 
Motion System
Kinematic data were collected and processed by a six-camera, Vicon 512 motion
capture system (Vicon Motion Systems, Tustin, CA). High-resolution cameras were
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placed at the four comers o f the testing space, with the two remaining cameras having 
an anterior-posterior view of the walking space. These cameras collected motion data at 
60 Hz. Fixed around the lens o f each camera are "visible red" light emitting diodes that 
encircle the camera lens. This light reflects from the retro-reflective markers placed on 
the subject’s body, and is recorded by the cameras. As each camera is only capable of 
locating each target in two dimensions, the Vicon system combines the images from two 
or more cameras to create a three-dimensional location o f each marker in space. The 
process o f converting two-dimensional locations to a three-dimensional view is 
accomplished by using Direct Linear Transformation (DLT). DLT will be discussed 
further in the “procedures” section o f this chapter. The Vicon system is able to 
triangulate the position of each marker within 1.0 mm of error given that the target is 
greater than 1.0 cm from the next target (Richards, unpublished).
Force Plates
An AMTI OR6-5 force plate (Advanced Medical Technologies Inc., Waterboro, 
MA), that is mounted flush to the floor and covered with carpeting, was used to 
determine the three-dimensional foot-to-floor forces and moments throughout stance 
phase. The force plate monitors three orthogonal force and moment components via foil 
strain gauges attached to load cells at the four comers of the forces plate. The data were 
amplified with a gain o f4000 by a signal conditioner/amplifier (Model AMTI SGA6-4) 
and filtered. Force plate data were sampled at 1080 Hz by an A/D system and was 
synchronized with motion and EMG data collection to provide a more complete analysis 
of the subjects’ gait. Subjects were not aware of the force plate’s location prior to the test
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to ensure that they would not target the platform.
Electromyography
The MA-300 ten-channel EMG unit (Motion Lab Systems, Baton Rouge, LA, 
USA), attached to a neoprene vest worn by the subject, was used to collect data from 
surface electrodes. The EMG unit sends data to the Vicon data collection station via a 
thin cable, after which the data undergoes a D/A and A/D conversion.
The MA-310 electrodes are pre-amplified and have an input impedance o f greater 
than 100,000 MQ. Each electrode has a standard gain o f 20. The electrodes weigh 20 
grams and are 40mm long by 20mm wide by 12 mm in diameter and are spaced at a fixed 
distance of 20 mm. The signals from the electrodes were collected at 1080 Hz by the 
small, lightweight backpack module that was fastened to the subject's back throughout 
the test. The electrodes have a common-mode rejection ratio o f greater than 100 dB. The 
MA-300 has an input impedance of 31 KÎ2 and a gain range o f 3-1500. EMG analog data 
are transferred from the backpack to the collection computer via a sixty-foot, 3mm- 
diameter coaxial cable. Raw EMG data are subject to an internal low pass filter within 
the Motion Analysis Systems hardware set at 500 Hz during collection. The filter is 
designed to remove environmental noise from the surrounding electrical equipment and 
minimize cross-talk from adjacent, non-targeted muscles creating a more accurate signal. 
EMG data collected with surface electrodes was found by Kadaba, Wooten, Gainey and 
Cochran (1985) to have a lower variance ratio and greater intra-tester and inter tester 
reliability
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Video Data Collection
Two Panasonic® PV-S62D super-VHS video cameras, placed for a sagittal and 
frontal view o f the subject, were used during three o f the four walking tests. Video data 
were used for observational gait analysis.
Procedures
The entire testing procedure lasted approximately three hours. Prior to the testing 
date, each subject and their families received a letter (Appendix C) containing the 
purpose of the study, a detailed explanation of the testing procedure, instructions on the 
proper apparel, directions to the lab, and a copy of the inclusion criteria.
Prior to testing, the lab was prepared by calibrating the testing space, 
approximately 3m x 2m x 1.5m, according to procedures established by Vicon Motion 
Systems (Tustin, CA). The calibration accuracy of the six cameras for all four subjects 
was between 0.60 mm and 1.20 mm. Calibration defines the exact location and 
orientation of each camera relative to the other cameras and the testing volume. 
Calibration also determines the location and orientation of the laboratory's coordinate 
system, which is used in processing the subject’s kinetic and kinematic data. By knowing 
the location of each camera in space, the data collected from the markers can be 
processed by using Direct Linear Transformation. This process allows the two- 
dimensional location of the marker from one camera to be compared from the two 
dimensional marker from another camera. Since the location o f  each camera is also 
known, a three-dimensional location of the marker can be determined.
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After arrival to the MAC, subjects were given a brief tour o f the facility. This 
concluded with the opportunity for the subject and/or his or her legal guardian to ask 
questions, fill out a medical questionnaire (Appendix D), and read and sign their 
informed consent (Appendix B).
The clinical examination (Appendix E) was performed after the subjects had time 
to become familiar with the lab and was used to ascertain each subject's individual body 
characteristics, such as height, weight, and lower extremity flexibility and strength. 
Anthropometric measurements, including leg length, foot length and width, and pelvic 
height, width, and depth, were taken as directed by the accepted MAC protocol to be used 
later for kinematic and kinetic analyses. The clinical examination was performed by a 
student physical therapist, under the supervision of a licensed physical therapist.
Following the clinical examination, surface EMG electrodes were placed over the 
desired muscles o f both lower extremities. Prior to the EMG electrode application, the 
skin was prepared by shaving excess hair with an electric razor (if excessive hair was 
present). The electrode placement site was subsequently cleaned with a rubbing alcohol 
swab. Skin preparation promotes better contact between the skin and the electrode, 
allowing for a cleaner EMG signal to be transmitted. The muscles that were collected on 
included the rectus femoris, medial hamstring, lateral hamstring, gluteus medius, and 
gluteus maximus o f both limbs. Placement o f the electrodes on the muscles followed the 
recommendations made by Perotto (1994). The rectus femoris electrode was placed on 
the proximal half o f the muscle, and vertically arranged. The medial and lateral 
hamstring electrodes were also placed on the proximal half of their respective muscles.
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approximately six centimeters from their origin at the ischial tuberosity and arranged 
vertically. The gluteus medius electrode was placed approximately 2.5 centimeters 
inferior to the apex of the iliac crest, and arranged vertically. The gluteus maximus 
electrode was placed approximately 6 centimeters from the posterior superior iliac spine, 
and arranged at a 45° angle from the horizontal axis. Pairs o f electrodes were affixed to 
the target muscles in a bipolar arrangement, parallel to the longitudinal axis o f the muscle 
fibers using a hypoallergenic tape. No gel was required for the placement o f these 
electrodes.
Placement o f the retro-reflective markers followed EMG electrode placement.
The markers were placed on speciflc soft tissue and bony anatomical landmarks on both 
lower extremities, using hypoallergenic tape, as described by the standard MAC protocol 
(see Appendix F). The marker placement included the following locations; spinous 
process of the second sacral vertebrae, right and left anterior superior iliac spine (ASIS), 
thigh wand, lateral femoral condyle, proximal shank, distal shank, posterior shank, 
calcaneous, lateral foot, and medial foot. Prosthetic limb markers were located to reflect 
the approximate location o f  the marker’s on the uninvolved side. An outline o f each 
target was marked on the skin with grease pen to ensure exact replacement of the marker 
should it fall off during the course of the test to ensure consistency in the data.
The gait test began after the subject had adequate time to get acquainted with the 
equipment by performing three to five practice walks with the electrodes and reflective 
markers on. During this time, the student physical therapist identified the approximate 
starting location for each trial of the subject. The test was performed with the subject
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walking at a self-selected speed through the calibrated testing space. At least five 
"successful" walking trials were collected for each lower extremity. A trial was deemed 
"successful" when one foot made complete contact - heel strike to toe off - with the force 
plate and a full gait cycle was recorded by the cameras. After collecting the “successful” 
walking trials for each limb, a static standing trial was collected. For the standing trial 
six additional markers were placed on the subject. These markers were located bilaterally 
at the medial femoral condyle, lateral malleolus, and medial malleolus. Approximately 
two seconds of marker position data during quiet standing were collected and later used 
to establish the local anatomical coordinate systems of each lower extremity segment, 
and calculate the knee and ankle joint centers. The hip joint center was calculated with 
the protocol used at the MAC based on the method of Seidel, Marchinda, Dijkers, and 
Soutas-Little (1995). This method uses proportions of pelvic geometry (pelvic height, 
width, and depth) as the basis for the calculation.
Data Analysis 
Data Processing
The Vicon Workstation software (Oxford Metrics, Ltd., Oxford, England) and 
other custom software programs were used to process the collected data. For kinematic 
data, any gaps less than 15 frames in the trajectory of any marker was automatically filled 
by interpolation algorithm in Vicon software. Raw kinematic data were smoothed using 
a Woltring quintic spline algorithm using a Mean Square Error o f  15.
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Kinetic, Kinematic, and Temporal-Spatial Parameters 
Vicon Bodybuilder software (Oxford Metrics, Ltd., Oxford, England) was used to 
calculate the joint angles, moments, and powers. Pelvic and foot progression angles were 
determined with respect to the laboratory coordinate system. Processed kinetic data, 
kinematic data and temporal-spatial gait parameters were graphed and averaged using 
Matlab version 5.3 (The Mathworks, Inc., Natick, MA). The peak values of selected 
graphs were acquired by converting the graphical average of each limb to a Microsoft 
Excel workbook (Microsoft Corp., Redmond, WA). The graphical data are reported in 
the Excel workbook as a data-point at 1% increments, allowing the peaks to be identified 
easily.
Electromyography
Custom software based in Matlab version 5.3 (The Mathworks, Inc., Natick, MA) 
was used to process and average the EMG data. Raw EMG data were full wave rectified 
and dual passed through a fourth order Butterworth filter at a low pass of 6 Hz creating a 
filtered envelope of EMG data. Five gait cycles from prosthetic and non-prosthetic limbs 
were averaged creating two ensemble averages, prosthetic and uninvolved, for each 
subject. The prosthetic limbs of Subject 1, Subject 3, and Subject 4 had an ensemble 
average of four trials. EMG patterns will be shown in graphical form from initial contact 
(0%) to terminal swing (100%).
Temporal-Spatial Parameters 
Foot contact and toe-off events were identified to calculate temporal-spatial gait 
parameters for each subject. These include the first and second double limb support time
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(% gait cycle), single limb support time (% gait cycle), swing phase (% gait cycle), 
stance phase (% gait cycle), gait cycle time (sec), step width (cm), step length and stride 
length (cm), gait velocity (cm/sec), cadence (steps/min). These data are presented with 
references to a leg-length specific normal values described by Winter (1991).
Kinematic and Kinetic Data
Kinematic data included three-dimensional joint angles o f the pelvis, hip, knee, 
and ankle. The kinetic data included the three-dimensional internal joint moments o f the 
hip, knee, and ankle. Power was calculated in the sagittal plane for the hip, knee, and 
ankle. Moment and power data are normalized to body mass. Calculated force 
components, normalized to body weight, included the vertical, anterior/posterior, and 
medial/lateral components during stance phase.
The kinetic and kinematic data are presented in graphical format. For reference, 
the data collected at the Motion Analysis Center from the limbs o f 27 unimpeded 
children, aged 5-15 years old to represent normal activity during gait are shown as a grey 
cur\'e on each graph. The normal curve is comprised of the average, plus/minus one 
standard deviation, giving it a band appearance. The horizontal axis o f each graph refers 
to initial contact as 0% of the gait cycle. The bold vertical lines indicate toe off for 
normal limbs and each limb o f the subject.
Key Events
Key events of the gait cycle were selected for analysis based on their importance 
to the efficiency of amputee gait. These key events include hip stability in loading 
response, anterior and posterior force components during stance, hip and ankle power
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generation in terminal stance, hip and knee kinematics in swing limb advancement, and 
selected temporal-spatial gait parameters.
The hip stability in loading response was determined by evaluating abductor and 
extensor moments o f the hip, as well as EMG activity o f the gluteus maximus, gluteus 
medius, and medial and lateral hamstrings. Hip stability in the loading response is 
important to the subject's safety as they walk. At the weight acceptance phase of gait the 
weight of the body shifts from the trailing foot to the leading foot creating a large 
abductor moment and extension moment at the weight-bearing hip.
The anterior and posterior forces that occur during stance phase were also used to 
examine symmetry o f loading o f the prosthetic and uninvolved limb during gait. The 
anterior forces are typically known as braking forces that occur to slow the lead limb 
down at the initial contact and loading response. The posterior forces are referred to as 
propulsive forces. These forces accelerate the trailing limb at toe off to allow it to move 
through swing phase.
Power generation o f the ankle in terminal stance has been identified as being 
much weaker on the prosthetic limb. It has been proposed that the actions, in early 
stance, of the ipsilateral hip compensate for the lack o f power generation from the ankle 
in terminal stance.
The peak flexion o f the hip and knee during swing phase will be used to 
determine the effectiveness of foot clearance during gait. Gait symmetry was described in 
relation to time spent in stance and swing phase, as well as the step length of each limb.
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Statistical Analysis
Due to the small sample of this population that was available at the time of the 
study, the analysis will be descriptive in nature and includes means and standard 
deviations for the collected data. Trends indicating differences in sample data will be 
discussed qualitatively.
CHAPTER 4 
RESULTS
The purpose of this study was to examine key temporal-spatial, kinematic and 
kinetic variables that are important for initiating and maintaining a stable, energy -  
efficient and symmetrical gait. The key variables to be examined will be hip stability in 
loading response, sagittal plane hip and knee kinematics in swing limb advancement, hip 
and ankle power generation in terminal stance, and anterior and posterior force 
components during stance. Several temporal-spatial parameters will be reported with a 
focus on step length, and the amount of time spent in stance and swing phase for each 
limb. Additionally, electromyographic (EMG) activity o f key hip muscles will be 
presented relative to normal patterns and the key kinematic and kinetic events. Since the 
study sample was small, results are presented for each subject, and generalized where 
possible. The initial section presents each subject’s demographic information. A 
complete data set for each subject is available in Appendices G, H, I, and J.
Demographic Information 
Four subjects, two male and two female, with a unilateral transtibial amputation 
participated in this study. Their age ranged from 12 to 16 years. The amount o f time 
since their amputation ranged from 2.0 years to 14.9 years. Complete demographic 
information for each subject is provided in Table 1.
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Table 1. Subject Demographics.
39
One
Subject
Two Three Four
Age 12 16 15 13
Height (cm) 157.5 188.0 167.6 162.5
Weight (N) 405.4 739.9 512.3 481.1
.Amputated limb Right Left Right Right
Time since 
amputation 3.3 years 2.0 years 14.9 years 12.8 years
Cause of Trauma / Traumatic Circulatory CongenitalFibular
HemimeliaAmputation Cancer Injury Insufficiency
Hip Abductor and Extensor Moments in Loading Response 
During initial contact and loading response there are two external torque demands 
placed on the hip. Normally, significant flexion and adduction torques are imposed on 
the hip with each step forward. To stabilize the body from these potentially offsetting 
forces, the musculature crossing the hip joint responds by creating internal extensor and 
abductor moments. Based on the normal database used for this study, the mean peak 
internal extensor and abductor moments at the hip are approximately 0.7 Nm/kg, and 0.9 
Nm/kg, respectively.
The peak hip extensor moment for both limbs for Subject 1 was greater than 
150% of normal (see Figure 1). The hip of the uninvolved limb produced a larger 
abductor moment than normal (145% of normal). However, on the prosthetic side, a 
small adductor moment was produced during loading response (see Figure 2).
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Figure 1. Subject 1 hip extensor 
moment. Prosthetic limb (solid line); 
Uninvolved limb (dashed line); 
Normal Mean (+/- SD) (grey band).
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Figure 2. Subject 1 hip abductor 
moment. Prosthetic limb (solid line); 
Uninvolved limb (dashed line); 
Normal Mean (+/- SD) (grey band).
Subject 2 produced a smaller abductor moment in the uninvolved limb than the 
first subject however it was within the normal limits (see Figure 4). Again the peak hip 
extensor moment of the uninvolved limb was 160% of normal. The prosthetic limb was 
able to produce only 50% o f the normal extensor and abductor moments at the hip (see 
Figures 3 and 4). However, the prosthetic limb did attain a normal abductor moment by 
midstance.
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Figure 3. Subject 2 hip extensor 
moment. Prosthetic limb (solid line); 
Uninvolved limb (dashed line); Normal 
Mean (+/- SD) (grey band).
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Figure 4. Subject 2 hip abductor 
moment. Prosthetic limb (solid line); 
Uninvolved limb (dashed line); Normal 
Mean (+/- SD) (grey band).
The prosthetic limb of Subject 3 presented with the most normal hip extensor and 
abductor moments of all the subjects (see Figures 5 and 6). The peak abductor moment 
of the prosthetic limb was approximately 72% of the normal mean, however, it was 
within the normal limits. The peak abductor and extensor moments of the uninvolved 
limb were greater than two times the normal.
The prosthetic limb of subject 4 demonstrated an extensor moment approximately 
200% of normal, and an abductor moment that was equivalent to normal. The 
uninvolved side also demonstrated a normal abductor moment in loading response. Once 
again the uninvolved limb experienced a larger extensor moment that was approximately 
175% of normal (see Figures 7 and 8).
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Figure 5. Subject 3 hip extensor 
moment. Prosthetic limb (solid line); 
Uninvolved limb (dashed line); Normal 
Mean (+/- SD) (grey band).
Figure 6. Subject 3 hip abductor 
moment. Prosthetic limb (solid line); 
Uninvolved limb (dashed line); Normal 
Mean (+/- SD) (grey band).
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Figure 7. Subject 4 hip extensor 
moment. Prosthetic limb (solid line); 
Uninvolved limb (dashed line); Normal 
Mean (+/- SD) (grey band).
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Figure 8- Subject 4 hip abductor 
moment. Prosthetic limb (solid line); 
Uninvolved limb (dashed line); Normal 
Mean (+/- SD) (grey band).
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All o f the subjects demonstrated some similar characteristics in regards to the 
peak extensor and abductor moments o f the hip in loading response (see Table 2). It is 
apparent that each subject experienced greater than 160% o f the normal hip extensor 
moment in the uninvolved limb. Each subject also experienced a smaller than normal hip 
abductor moment in the prosthetic limb.
Table 2. Peak abductor and extensor moments in loading response (in Nm/kg).
Peak Extensor Moment Peak Abductor Moment
Subject Uninvolved Prosthetic Uninvolved Prosthetic
1 1.13 (0.16) 1.29 (0.17) 1.30 (0.11) 0.01 (0.16)
2 1.12(0.41) 0.36 (0.20) 0.91 (0.10) 0.43 (0.56)
3 1.65 (0.25) 0.68 (0.13) 1.47 (0.10) 0.65 (0.06)
4 1.23 (0.12) 1.44 (0.20) 1.14(0.14) 0.80 (0.12)
Data are presented as Mean (+/- Standard Deviation).
Anterior and Posterior Horizontal Forces 
The anterior and posterior horizontal forces of gait refer to the capacity of the 
body to brake and propel itself, respectively. As the foot approaches its initial contact 
with the ground the body must be able to rapidly decelerate the forward motion to which 
it has been subjected. This deceleration is recorded as a braking force. Propulsion forces 
occur as the limb moves from stance to swing phase. During this time period the body 
must use the appropriate musculature to generate enough force to propel the limb and the
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entire body forward. Normal braking force is approximately 15% of body weight, 
whereas normal propulsion is approximately 20% body weight.
Subject 1 demonstrated consistently normal peak braking and propulsion forces 
with the uninvolved limb. The prosthetic limb provided minimal braking activity for the 
body (4% of normal) during loading response, and only produced 70% of the normal 
propulsion in terminal stance (see Figure 9).
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Figure 9. Subject 1 braking and propulsion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
The results for Subject 2 were similar to that o f the first subject. The uninvolved 
limb demonstrated normal braking, and slightly more propulsion (125% of normal). The 
prosthetic limb demonstrated 33% less braking and 40% less propulsion than normal (see
F ig u r e  1 0 ) .
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Figure 10. Subject 2 braking and propulsion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
Subject 3 presents differently than the first two subjects. In the sound limb, there 
was a relatively large increase in the braking (190% of normal) and propulsion forces 
(150% of normal). The results for the prosthetic limb indicate that there was half as 
much braking force applied as compared with normal. Propulsion of the prosthetic limb 
was normal (see Figure 11).
The peak values for Subject 4 were the nearest to normal of all the subjects. The 
prosthetic limb achieved normal braking and propulsion (see Figure 12). The uninvolved 
limb also demonstrated normal peak braking, but exceeded normal propulsion (140% of 
normal).
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Figure 11. Subject 3 braking and propulsion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
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Figure 12. Subject 4 braking and propulsion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
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Three o f the four subjects had a braking force that was below normal in the 
prosthetic limb. It was also noted that two of the four subjects had below normal 
propulsion force. In contrast, three of the subjects, demonstrated increased propulsion of 
the uninvolved limb. Peak braking and propulsion values for both limbs of all subjects 
are reported in Table 3.
Table 3. Peak braking and propulsion forces (in % body weight).
Peak Braking Peak Propulsion
Subject Uninvolved Prosthetic Uninvolved Prosthetic
1 10.9(4.12) 0.61 (3.30) 20.3 (2.41) 14.4 (2.02)
2 16.5 (2.34) 5.00 (8.22) 25.9 (0.73) 8.53 (9.24)
3 28.7 (2.41) 7.60(1.98) 30.6(1.16) 18.7(1.53)
4 15.8(1.71) 10.5(1.89) 28.7 (2.41) 16.9(1.16)
Data are presented as Mean (+/- Standard Deviation).
Ankle and Hip Power Generation During Stance Phase 
The propulsion force component, described previously, is generated primarily at 
the ankle during terminal stance for normal subjects. Based on the comparison database, 
normal power generation at the ankle during this period is approximately 1.5 W/kg, and 
normal peak hip power in early stance is approximately 0.6 W/kg.
For subject 1, peak ankle power generation on the uninvolved side was within 
normal limits. In contrast, the ankle of the prosthetic side was approximately 45% of 
normal (see Figure 13). In this subject the hip o f the prosthetic limb generated more than
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200% of the normal hip generation in early stance. Likewise, the uninvolved limb also 
generated an equal amount of power during this phase (see Figure 14).
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Figure 13. Subject 1 ankle joint 
power. Prosthetic limb (solid line); 
Uninvolved limb (dashed line); 
Normal Mean (+/- SD) (grey band).
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Figure 14. Subject 1 hip joint power. 
Prosthetic limb (solid line); 
Uninvolved limb (dashed line); 
Normal Mean (+/- SD) (grey band).
Subject 2 had normal power generation at the uninvolved ankle, but only 27% of 
normal from the ankle of the prosthetic limb (see Figure 15). At early stance, this subject 
generated normal hip power for both limbs (see Figure 16).
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Figure 15. Subject 2 ankle joint power. 
Prosthetic limb (solid line); Uninvolved 
limb (dashed line); Normal Mean (+/- 
SD) (grey band).
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Figure 16. Subject 2 hip joint power. 
Prosthetic limb (solid line); Uninvolved 
limb (dashed line); Normal Mean (+/- 
SD) (grey band).
Subject 3 presented more like the first subject with respect to power generation. 
Both the prosthetic and uninvolved limbs generated approximately 150% of normal hip 
power in early stance (see Figure 18). In examining the ankle power curves, the 
prosthetic limb generated approximately 25% o f the normal values whereas the 
uninvolved limb generated approximately 1.5 times normal power (see Figure 17).
The ankle power generation o f the prosthetic limb for Subject 4 was 
approximately 50% of the normal value (see Figure 19). In contrast, the hip of both the 
prosthetic and the uninvolved limbs generated more power in early stance, approximately 
150% and 200% of the normal capacity, respectively (see Figure 20).
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Figure 17. Subject 3 ankle joint power. 
Prosthetic limb (solid line); Uninvolved 
limb (dashed line); Normal Mean (+/- 
SD) (grey band).
Figure 18. Subject 3 hip jo int power. 
Prosthetic limb (solid line); Uninvolved 
limb (dashed line); Normal Mean (+/- 
SD) (grey band).
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Figure 19. Subject 4 ankle joint power. 
Prosthetic limb (solid line); Uninvolved 
limb (dashed line); Normal Mean (+/- 
SD) (grey band).
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Figure 20. Subject 4 hip joint power. 
Prosthetic limb (solid line); Uninvolved 
limb (dashed line); Normal Mean (+/- 
SD) (grey band).
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As expected, the prosthetic ankle of all the subjects did not generate normal ankle 
power in terminal stance. Three of the subjects had greater than normal hip power 
generation in early stance for the prosthetic limb. The peak values varied for the 
prosthetic hip and the uninvolved ankle (see Table 4).
Table 4. Peak hip and ankle power in stance (W/kg).
Peak Hip Power in 
Loading Response
Peak Ankle Power in 
Terminal Stance
Subject Uninvolved Prosthetic Uninvolved Prosthetic
1 1.29(0.33) 1.40(0.21) 1.08(0.07) 0.67 (0.06)
2 0.62 (0.33) 0.73 (0.07) 2.06 (0.15) 0.41 (0.20)
3 1.27(0.23) 0.95(0.16) 2.17(0.13) 1.07 (0.06)
4 1.38 (0.08) 1.21 (0.12) 1.27(0.12) 0.76 (0.08)
Data are presented as Mean (+/- Standard Deviation).
Sagittal Plane Hip Kinematics in Swing 
Step length is partially contingent upon adequate peak hip flexion during the 
swing phase. Normal peak hip flexion in swing phase is approximately 40° and occurs in 
midswing. For Subject 1, both the prosthetic and uninvolved limb achieved peak flexion 
that was approximately 75% o f normal (see Figure 21). Both hips, however, did maintain 
a normal curve throughout most of the stance phase.
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The hips o f both limbs of Subject 2 and Subject 3 achieved normal peak hip 
flexion during swing (see Figures 22 and 23). Additionally, each demonstrated increased 
hip extension in terminal stance.
The hip flexion curve for Subject 4 was unique. Both hips demonstrated normal 
peak hip flexion in swing phase (see Figure 24). However, unlike Subjects 2 and 3, the 
hip of the prosthetic limb o f Subject 4 lacked normal hip extension in terminal stance.
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Figure 21. Subject 1 sagittal plane hip motion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
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Figure 22. Subject 2 sagittal plane hip motion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
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Figure 23. Subject 3 sagittal plane hip motion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
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Figure 24. Subject 4 sagittal plane hip motion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
There was quite a bit of variability in peak hip flexion in swing phase for all of 
the subjects (see Table 5). Subject 1 presented the lowest peak values, whereas Subject 4 
presented the highest.
Table 5. Peak hip flexion in swing phase (in degrees).
Peak Hip Flexion
Subject Uninvolved Prosthetic
I 28.9° (1.55) 29.3° (1.55)
2 34.6° (2.01) 41.1° (1.25)
3 35.7° (1.58) 31.8° (1.94)
4 40.1° (1.74) 45.3° (1.56)
Data are presented as Mean (+/- Standard Deviation)
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Sagittal Plane Knee Kinematics in Swing 
Adequate knee flexion in swing is one o f the important variables for foot 
clearance. Normally, the knee achieves peak flexion of 60° during the initial swing 
subphase of gait. There was some disparity found between the uninvolved and prosthetic 
limbs of these subjects with regard to peak knee flexion in swing. For subject 1, the knee 
of the prosthetic limb flexed normally through swing phase. However, the uninvolved 
limb only produced 75% of the normal knee flexion at initial swing (see Figure 25).
The peak knee flexion for both the prosthetic and uninvolved limbs of Subject 2 
was within normal limits (see Figure 26). Note the excessive knee extension values that 
are present throughout the stance phase, particularly for the prosthetic limb.
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Figure 25. Subject 1 sagittal plane knee motion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
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Figure 26. Subject 2 sagittal plane knee motion. 
Prosthetic limb (solid line); Uninvolved limb 
(dashed line); Normal Mean (+/- SD) (grey 
band).
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Subject 3 produced a peak knee flexion of approximately 73° with the prosthetic 
limb during initial swing. The uninvolved limb demonstrated a normal peak knee flexion
(see Figure 27).
The uninvolved limb of Subject 4 produced normal knee flexion through swing 
phase. However, the prosthetic limb only achieved 89% of normal knee flexion (see 
Figure 28). Note the lack o f normal knee extension in midstance.
There were few similarities between all of the subjects that could be generalized 
with respect to peak knee flexion in swing (see Table 6).
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Figure 27. Subject 3 sagittal plane knee motion. Prosthetic limb (solid line); Uninvolved 
limb (dashed line); Normal Mean (+/- SD) (grey band).
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Figure 28. Subject 4 sagittal plane knee motion. Prosthetic limb (solid line); Uninvolved 
limb (dashed line); Normal Mean (+/- SD) (grey band).
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Table 6. Peak knee flexion in initial swing (in degrees).
Peak Knee Flexion
Subject Uninvolved Prosthetic
I 45.8° (3.45) 59.7° (1.70)
2 64.1° (1.18) 57.6° (2.26)
3 57.0° (1.99) 73.4° (2.88)
4 69.8° (4.10) 53.1°(3.11)
Data are presented as Mean (+/- Standard Deviation)
Electromyography o f Key Muscles During Gait 
For most of the subjects, results of the EMG activity are presented as an ensemble 
average of five trials for each o f  the targeted muscles. Normal muscle onset and 
cessation periods were adapted from Perry (1992) and are illustrated as bold lines on the 
upper border of each graph. The vertical line present in the body of each graph 
represents toe-off.
The ensemble average o f EMG data for the uninvolved limb o f Subject 1 was 
created from five gait cycles. The average for the prosthetic limb was created from only 
four gait cycles. For the prosthetic limb, the rectus femoris was active during most of the 
gait cycle. There were two periods in the gait cycle (35%-40%, and 75%-85%) when the 
rectus femoris was not active. There was less activity of the rectus femoris o f the 
uninvolved limb, however this activity was not typical. There is early cessation of 
activity in loading response, as well as prolonged activity in midswing. This subject also 
demonstrated negligible medial and lateral hamstring activity in the prosthetic limb at 
initial contact and during loading response. Both hamstrings became active during
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midstance, and remained active until well into swing phase. The lateral hamstring of the 
uninvolved limb also recorded some persistent activity in loading response and 
midstance. The gluteus medius of the prosthetic limb was active briefly at initial contact. 
Again at 40% the gluteus medius demonstrated abnormal activity that lasted well into the 
swing phase. The gluteus maximus of this limb demonstrated highly variable activity 
throughout the entire gait cycle. The medial hamstring, gluteus medius, and gluteus 
maximus of the uninvolved limb had normal activity.
The ensemble averages of five gait cycles are provided for both the uninvolved 
and the prosthetic limb of Subject 2 (see Figure 30). The rectus femoris of the prosthetic 
limb again demonstrated persistent activity throughout the stance phase, however, there 
was a lack of activity from late midstance to early midswing, when the rectus femoris is 
typically active. The rectus femoris of the uninvolved limb demonstrated more normal 
EMG activity. The medial and lateral hamstrings, and gluteus medius of the prosthetic 
limb all demonstrated abnormal activity in stance. The medial hamstring had a large 
burst of activity from approximately 35% to 60% of the gait cycle. The lateral hamstring 
and gluteus medius had persistent EMG activity from initial contact to 30% and 60%, 
respectively. The lateral hamstring, gluteus medius, and gluteus maximus of the 
uninvolved limb also demonstrated abnormal EMG activity. The lateral hamstring had a 
burst of activity from 25% to 75% of the gait cycle. The gluteus medius had an isolated 
burst at 45% to 55%. Finally, the gluteus maximus on the uninvolved side demonstrated 
a burst from 30% to 75%.
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Figure 29. Ensemble average (+ /-1 SD) filter envelope EMG for Subject 1.
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For Subject 3 the prosthetic limb EMG data are an ensemble average o f the four 
available gait cycles (see Figure 31 ). Each of the targeted muscles of the prosthetic limb 
demonstrated abnormal activity. At 5% of gait, the rectus femoris became inactive, 
however, there was abnormal of activity from 45% through the end of the gait cycle. The 
medial hamstring was abnormally active from 50% to 70% of the gait cycle. The lateral 
hamstring, gluteus medius, and gluteus maximus became active from 45% to 80% of gait. 
These three muscles demonstrated relative inactivity from initial contact through 
midstance -  a time period in which they should be active. The rectus femoris and medial 
hamstring of the uninvolved limb also had irregular onset and cessation times during gait. 
The rectus femoris had a persistent burst of activity from initial contact to 45%. The 
medial hamstring showed sporadic activity throughout the cycle. The EMG activity of 
the other muscles in the uninvolved limb had normal onset and cessation periods.
The EMG activity for the prosthetic limb o f Subject 4 was an average o f  four gait 
cycles. The data for the uninvolved limb was an average o f five gait cycles (see Figure 
32). As with the third subject. Subject 4 also showed an irregular EMG pattern for all of 
the muscles tested on the prosthetic limb, as well as with the rectus femoris and medial 
hamstring of the uninvolved limb. The rectus femoris had an early onset (80%) in swing 
phase. The medial hamstring became inactive at 10% and had an abnormal burst of 
activity from 35% to 50% of the gait cycle. The lateral hamstring, gluteus medius, and 
gluteus maximus all had abnormal activity from the end of midstance through to the end 
of the gait cycle. An abnormal burst was present in both the rectus femoris and the 
medial hamstring of the uninvolved limb at 25% to 45%, and 45% to 55%, respectively.
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In summary, there were some apparent similarities in the EMG activity of the 
prosthetic limb of each subject. Each o f the subjects had variable rectus femoris activity 
in stance. There is also an interesting burst of activity from the medial and lateral 
hamstrings, and gluteus medius o f the prosthetic limb during the middle 40% of the gait 
cycle. Finally, three of the subjects demonstrated variable activity in the gluteus 
maximus of the prosthetic limb from terminal stance through initial swing phase.
Observational Gait Analysis 
Observational gait analysis was performed from video data collected on three of 
the four subjects. The first subject did not have video data available. The three subjects 
demonstrated a lateral trunk lean with single limb support on the prosthetic limb.
Temporal-Spatial Gait Parameters 
The normal values for temporal-spatial gait parameters are based on children with 
similar leg length (Winter, 1991). The temporal-spatial gait parameters for the prosthetic 
and uninvolved limbs of Subject 1 along with normal values have been provided in Table 
7. When compared to both the normal and uninvolved limbs. Subject 1 demonstrated 
increased stance phase time on the prosthetic limb, shortened time spent in swing phase, 
and a decrease in step length on that side. In contrast, the uninvolved limb demonstrated 
a relatively normal stance phase, swing phase, and step length.
Subject 2 also demonstrated an increased amount o f time spent on the prosthetic
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limb during stance phase, and less time in swing phase when compared to normal and 
uninvolved limb (see Table 8). The step length o f the prosthetic limb was longer than the 
uninvolved limb, however both limbs demonstrated longer step length than normal.
The temporal-spatial gait parameters for the prosthetic and uninvolved limbs of 
Subject 3 and Subject 4 are reported with leg length related normals in Table 9 and Table 
10, respectively. For Subject 3 and 4, the prosthetic limb demonstrated a normal stance 
and swing phase, and the uninvolved limb demonstrated an increased amount of time 
spent in stance phase, and less time spent in swing phase. Subject 3 recorded an equally 
longer step length on both sides, whereas Subject 4 demonstrated a shorter step length 
on the uninvolved side and longer step length on the prosthetic side when compared to 
normal.
Table 7. Temporal-spatial parameters for Subject 1.
Gait Parameter Prosthetic Uninvolved Normal
1*‘ Double Support (%gc) 10.1(1.22) 10.0(1.88) 9.5(1.5)
Single Support (%gc) 39.6(1.69) 39.2(2.26) 40.5(4.5)
2"'^  Double Support (%gc) 16.6(1.87) 12.0(1.47) 9.5(1.5)
Stance (%gc) 66.2(1.41) 61.1(0.73) 59.5(1.5)
Swing (%gc) 33.8(1.41) 38.9(0.73) 40.5(1.5)
Gait Cycle Time (sec) 1.0(0.02) 1.0(0.02) 1.0
Step Length (cm) 57.8(2.96) 64.2(4.21) 65(4.3)
Step Width (cm) 6.9(2.84) 8.2(4.08) 7.5(2.5)
Stride Length (cm) 124.6(6.51) 128(8.5)
Cadence (steps/min) 118.3(3.22) 114(8.5)
Walking Velocity (cm/s) 122.8(6.83) 122(12.0)
Data are presented as Mean (+/- Standard Deviation).
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Table 8. Temporal-spatial parameters for Subject 2.
Gait Parameter Prosthetic Uninvolved Normal
1  ^Double Support (%gc) 13.7(1.55) 11.0(1.17) 9.5(15)
Single Support (%gc) 40.4(1.73) 34.1(0.90) 40.5(4.5)
2"^  Double Support (%gc) 14.2(0.90) 13.7(1.14) 9.5(1.5)
Stance (%gc) 68.3(0.88) 58.8(0.63) 59.5(1.5)
Swing (%gc) 31.5(0.69) 41.2(0.63) 40.5(1.5)
Gait Cycle Time (sec) 1.4(0.05) 1.3(0.03) 1.0
Step Length (cm) 76.8(0.51) 83.2(1.73) 65(4.3)
Step Width (cm) 12.4(5.52) 13.1(2.22) 7.5(2.5)
Stride Length (cm) 165.8(6.49) 128(8.5)
Cadence (steps/min) 89.1(3.76) 114(8.5)
Walking Velocity (cm/s) 123.2(8.88) 122(12.0)
Data are reported as Mean (+/- Standard Deviation).
Table 9. Temporal-spatial parameters for Subject 3.
Gait Parameter Prosthetic Uninvolved Normal
r '  Double Support (%gc) 10.1(1.28) 9.8(1.42) 9.5(1.5)
Single Support (%gc) 38.7(1.77) 41.4(2.25) 40.5(4.5)
Double Support (%gc) 11.3(0.50) 13.8(1.61) 9.5(1.5)
Stance (%gc) 60.0(1.62) 65.0(0.78) 59.5(1.5)
Swing (%gc) 40.6(2.21) 35.0(0.78) 40.5(1.5)
Gait Cycle Time (sec) 1.1(0.01) 1.1(0.03) 1.0
Step Length (cm) 78.9(1.82) 77.0(2.00) 65(4.3)
Step Width (cm) 4.5(3.70) 6.7(3.27) 7.5(2.5)
Stride Length 155.2(5.35) 128(8.5)
Cadence (steps/min) 111.9(2.70) 114(8.5)
Walking Velocity (cm/s) 144.7(6.91) 122(12.0)
Data are presented as Mean (+/- Standard Deviation).
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Table 10. Temporal-spatial parameters for Subject 4.
Gait Parameter Prosthetic Uninvolved Normal
1*' Double Support (%gc) 12.3(1.05) 10.8(1.08) 9.5(1.5)
Single Support (%gc) 36.9(1.18) 40.7(2.29) 40.5(4.5)
2"*^  Double Support (%gc) 12.3(0.91) 13.6(1.39) 9.5(1.5)
Stance (%gc) 61.6(1.38) 65.1(1.77) 59.5(1.5)
Swing (%gc) 38.5(1.38) 34.9(1.77) 40.5(1.5)
Gait Cycle Time (sec) 1.1(0.01) 1.1(0.01) 1.0
Step Length (cm) 75.4(2.72) 61.6(7.05) 65(4.3)
Step Width (cm) 6.6(2.54) 7.7(3.01) 7.5(2.5)
Stride Length (cm) 140.6(3.42) 128(8.5)
Cadence (steps/min) 111.0(1.26) 114(8.5)
Walking Velocity (cm/s) 130.0(3.53) 122(12.0)
Data are presented as Mean (+/- Standard Deviation).
To summarize the similar temporal-spatial patterns in these subjects, it was found 
that Subjects 1 and 3 demonstrated a normal amount of time spent in the first period of 
double limb support. The prosthetic limb o f Subject 2 and 4 spent more time in the first 
period of double limb support. However, all four subjects, whether the reference limb 
was the prosthetic or the uninvolved limb, spent more time in the second period double 
limb support when compared to normal.
CHAPTER 5 
DISCUSSION
Each of the subjects demonstrated unique gait characteristics. Some of the 
findings presented are in agreement with the literature. Other characteristics reported for 
these subjects were dramatically different from findings of previous research. The gait 
characteristics of each subject will be discussed individually
Subject 1
During loading response Colbome et al. (1992) found that transtibial amputees 
generated a larger internal hip extensor moment in the prosthetic limb than normal. The 
prosthetic limb of Subject 1 demonstrated these findings. However, it was also found 
that the uninvolved limb of Subject 1 produced a greater hip extensor and abductor 
moment when compared to normal. In addition, the hip abductor moment of the 
prosthetic limb was not present until midstance. These findings did not agree with those 
of Colbome et al. (1992). Muscle activity of the gluteus maximus was highly variable in 
initial contact and loading response. Activity o f the gluteus medius ended by 5% of the 
gait cycle as opposed to the normal 40%, which coincides with the absence of an 
abductor moment during loading. These findings indicate that the subject may have been 
cautious about foot placement during gait, and responded by slowing the limb loading 
process during the weight acceptance phase. A delay in loading would result in more
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time spent in stance phase. The varying amount o f time spent in stance phase would 
ultimately lead to the characteristic asymmetrical gait seen in amputees (Colbome et al., 
1992; Engsberg et al., 1991; Gitter et al., 1991; Schnieder et al., 1993; Winter and 
Sienko, 1988)
Another assessment of interlimb symmetry during walking is the examination of 
limb deceleration and propulsion during loading. Engsberg et al. (1991) found that the 
prosthetic limb demonstrated less braking and less propulsion force than either normal or 
the uninvolved limb. For Subject 1, the braking force was minimal on the prosthetic 
limb, indicating that this subject required less force to decelerate the limb. In conjunction 
with less braking force, this patient also spent less time in swing phase compared to 
normal. It is possible that the self-selected pace that the subject chose involved a 
modification of the distance and time spent in swing to accommodate for comfort and 
possibly safety of the subjects’ gait. The increased hip extensor moment can be related to 
the increased amount of hip power generation that occurred during loading, as well as 
prolonged gluteus maximus activity in loading. The abnormal hip adductor moment is 
thought to occur as the body leans over the prosthetic limb during ambulation, however 
no video data was available to confirm the theory.
The propulsion force in terminal stance is produced primarily by the posterior 
tibial muscles of the lower extremity to accelerate the body mass forward and to assist in 
carrying the limb through swing phase (Perry, 1992). It has been reported by Gitter et al. 
(1991), and Winter and Sienko (1988) that the components of a prosthetic limb 
demonstrate much less ankle power generation resulting in less propulsion at toe off. The
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lack of ankle power limits the amount of propulsion that can be generated from push off. 
This inability to push from the ankle forces the body to adapt within its boundaries to 
complete the gait cycle. Subject 1 demonstrated much lower ankle power generation than 
normal, as well as a relative increase in hip power generation in early stance. A 
compensatory increase in hip power generation in early stance has been reported by 
several authors (Gitter et al, 1991; Winter, 1983; Winter & Sienko, 1988). This 
adaptation can add to the exaggerated interlimb asymmetry that is present in children 
with transtibial amputations.
The sagittal plane knee kinematic findings for Subject 1 suggest that there is 
adequate knee flexion for the prosthetic limb in the swing phase. The uninvolved limb 
demonstrated considerably less knee flexion. There is one key factor that may contribute 
to the lack of demonstrated knee range of motion on the uninvolved limb. The prosthetic 
limb of this subject was 1.3 centimeters longer, which would require less knee flexion on 
the uninvolved side in swing phase to clear the toes adequately.
Sagittal plane hip motion of the prosthetic limb for this subject agrees with 
previous research (Schneider et al, 1993). It has been reported that the decreased hip 
flexion may result in a shortened step length on that side (Perry, 1992). However, there 
is equally less hip flexion for both limbs of this subject during swing phase o f this subject 
without a corresponding change in step length. This suggests that the shortened step 
length of the prosthetic limb is a culmination of several factors, some of which have been 
described above, leading to the overall interlimb asymmetry.
72
Subject 2
Subject 2 presented distinct differences from the other subjects. This subject was 
the oldest, and the tallest of the four subjects. The leg length of this subject was longer 
than the normal leg length data that was available.
It is clear that Subject 2 had similar challenges with ambulation as the previous 
subject. The internal hip extensor and abductor moments of the prosthetic limb were 
both less than normal. Again, these results are contrary to those found by Colbome et al.
( 1992). It is likely that this subject also was unsteady when stepping with his prosthetic 
limb. Other evidence that supports this theory include the increased stance time of the 
prosthetic limb, increased time in double limb support, shorter step length compared to 
the uninvolved limb, and a slower overall cadence.
Engsberg et al. (1991 ) found that there is a direct relationship between the force 
of the swing limb and braking force required to decelerate the limb and body. By 
requiring less force to decelerate the limb, the data suggest that the prosthetic limb is not 
moving with as much force as the uninvolved limb. In addition to requiring less braking 
force at loading, this subject spent more time in stance phase than normal. Engsberg et 
al. (1991) reported similar findings for children with transtibial amputations and 
compared those results to able-bodied children. From this data he calculated that 
interlimb differences in force production were indicative of an asymmetrical gait pattern.
Previous research has reported that there is an increase in hip power generation in 
the sagittal plane for the prosthetic limb during loading. It is thought that this increased 
hip power generation aids the transtibial amputee by “pulling” the body over the fixed
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foot (Colbome et al., 1992; Winter & Sienko, 1988). Additionally, there is another burst 
o f hip power generation on the prosthetic limb in terminal stance. This increase in power 
in late stance is believed to provide “pull-off power” for the prosthetic limb as it 
transitions from stance to swing phase (Colbome et al., 1991; Winter & Sienko, 1988). 
Subject 2 demonstrated poor ankle power generation for the prosthetic limb in terminal 
stance, as expected, however produced normal hip power generation throughout stance. 
The EMG data indicate that the gluteus maximus was active longer than normal in early 
stance for the prosthetic limb, however there was no increase in power generation that 
was recorded. It is possible that the subject created adequate force to move the limb 
through swing phase with an increase in hip flexor activity, however the activity of these 
muscles was not collected.
Subject 3
Unlike the first two subjects. Subject 3 had used a prosthetic limb since leaming 
to walk. This subject demonstrated more normalized gait kinetics and temporal-spatial
parameters.
At initial contact, the intemal hip moments of the prosthetic limb fell within the 
normal limits, however the intemal extensor and abductor moments of the uninvolved 
limb were greater than normal. These data suggest that the forces applied to the 
uninvolved limb in loading were greater than the prosthetic limb. These findings 
coincide with the findings of increased braking and propulsion forces of the uninvolved 
limb. During loading, the subject applied a braking force with the uninvolved limb that
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exceeded normal, requiring the muscles of the hip to assist with decelerating the body. 
The increased muscle activity generated the excessive intemal torque that was reported.
The braking force applied by the prosthetic limb o f  Subject 3 was less than 
normal. This finding agrees with Engsberg et al. (1992). It is thought that the braking 
force may be limited in the prosthetic limb due to a smaller force used to move the limb 
through swing phase. However, this subject had a normal propulsion force in terminal 
stance. The uninvolved limb requires more braking force in early stance than the 
prosthetic limb due to the increased propulsion force applied in terminal stance.
There was more hip extension power generated in early stance for both limbs with 
respect to normal. This increased power generation of the prosthetic limb agrees with the 
findings of Gitter et al. (1991), and Winter & Sienko (1988). The increase in power 
generation in hip extension allows this subject to “pull” the body over the fixed limb. 
There was also an increase in gluteus maximus activity o f the prosthetic limb during toe 
off. It is thought that this activity assists the subject in extending the hip to increase the 
overall step length of the uninvolved limb.
There was more knee flexion in the prosthetic limb than in either the uninvolved 
or the normal limbs. This unusual finding may be partly explained by a leg length 
discrepancy of the prosthetic limb being 2.3 centimeters longer as noted during the 
clinical examination. It is interesting to note that the medial hamstring muscles were 
active during peak knee flexion, however the lateral hamstiing muscles were not. Subject 
3 had normal peak hip flexion for both limbs in swing. It should also be noted that this 
subject demonstrated nearly symmetrical interlimb step length, however the uninvolved
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limb spent a greater amount o f time in stance phase than the prosthetic limb.
Subject 4
Subject 4 also learned to walk using a prosthetic limb. This subject also 
demonstrated more normal kinetic and kinematic data than the first two subjects.
At initial contact, there was excessive intemal hip extensor torque created in both 
limbs. This agrees with the findings o f Colbome et al (1992). The intemal hip abductor 
torque was normal for both hips, indicating that the prosthetic limb was on average 
responding to a more normal torque demand than the previous subjects. This subject also 
demonstrated a  normal braking force in both limbs, again indicating that the gait of this 
subject was closer to normal symmetrical gait. In addition to these findings, there was 
more hip power generated from the uninvolved limb in early stance, however there was 
less than normal ankle power generated in terminal stance. The ankle power generation 
of Subject 4 is greater than that of the other subjects. The increase in ankle power 
generation also is apparent in the subject’s normal propulsion power for the prosthetic 
limb. As it would seem, this subject should demonstrate a rather symmetrical gait with 
minimal deviations. Upon examination of the temporal-spatial parameters, the subject 
presented a longer step length with the prosthetic limb compared to the uninvolved limb, 
and spent more time in stance phase on the uninvolved side than the prosthetic. Both of 
which created an overall asymmetrical gait pattem that was opposite o f the first two 
subjects.
During the swing phase. Subject 4 was able to achieve normal hip flexion with
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both limbs. However, the knee of the prosthetic limb had less range of motion, and did 
not reach a normal peak knee flexion in swing phase. The lack o f  knee range of motion 
can again be ascribed to a leg length discrepancy of 4.0 centimeters that favors the 
prosthetic limb. It would be anticipated that the uninvolved limb should flex less in 
swing given such a length difference. However, the opposite occurs. In looking further 
at the kinematic graphs, it is apparent that this subject does demonstrate some hip 
adduction of the uninvolved limb in midswing, requiring greater hip flexion to clear the 
foot.
General Discussion
Initially looking at the data, it appears that each subject presented with a unique 
gait. However, upon closer examination, some striking similarities were evident. Each 
of the subjects demonstrated similar braking and propulsion forces during stance phase.
In each case, the prosthetic limb demonstrated less braking and propulsion force than the 
uninvolved limb. Three of the subjects demonstrated below normal propulsion force, and 
one subject demonstrated normal propulsion force. Engsberg et al. (1991) found similar 
results and theorized that there was an interlimb “dominant-subordinate” relationship 
occurring that led to an interlimb asymmetry. The uninvolved limb created more 
propulsion in terminal stance to likely create greater momentum in the limb and the entire 
body. As this limb made contact with the ground, it subsequently required more braking 
force. The prosthetic limb, incapable of generating normal propulsion, moved with less 
force through swing phase, and subsequently required less braking force at initial contact.
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The varying interlimb force may help to explain the differences in the braking and
propulsion forces.
Each subject also demonstrated less than normal ankle power generation in 
terminal stance. This finding has also been reported by Gitter et al. (1991), Winter (1983;
1991), and Winter and Sienko (1988). These researchers also state that the lack of ankle 
power generation creates a compensatory increase in hip power generation in early 
stance. In early stance the increase in hip power is used to “pull” the trunk over the fixed 
lower extremity after initial contact has occurred. According to Winter and Sienko
( 1988) the increase in hip power is reportedly created by the gluteus maximus, and 
medial and lateral hamstrings. With the hamstring muscles contracting during loading, a 
flexor moment occurs at the knee, when an extensor moment normally occurs (Perry,
1992). Winter (1991) and Winter and Sienko ( 1988) state that a co-contraction of rectus 
femoris occurs with the hamstring muscles during loading to stabilize this flexor moment 
and maintain the desired extension o f the knee. Half of the subjects demonstrated 
prolonged hamstring EMG activity o f the prosthetic limb. The other half had minimal 
activity o f the hamstrings and gluteus maximus muscles in early stance.
There was a great deal of variability in peak hip and knee angles during swing 
phase for all of the subjects. It is important to note that some of these differences may be 
related to leg length discrepancies that were observed in the clinical examination. 
However, it is important to note that the leg length measurements were made with the 
subject lying supine. The length o f the prosthetic limb may be longer in supine than 
standing. The forces that approximate the residual limb with the socket of the prosthetic
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limb are not present in supine, resulting in a longer leg length of the prosthetic limb in 
this position.
Clinical Implications 
The use o f computerized gait analysis for the identification of specific gait 
dysfunction is becoming increasingly widespread. By identifying the underlying causes 
for specific gait deviations, this type of analysis enables the medical community to have a 
more complete understanding of the needs o f their clients. The use o f gait analysis for the 
lower limb amputee population is no exception.
The primary goals of gait training in patients with lower limb amputations are 
safety and function. In general, computerized gait analysis would allow prosthetists and 
physical therapists the opportunity to see the “whole picture” of their client’s gait. 
Modifications to the prosthetic limb, based on the findings of the gait test, may be 
suggested and implemented. Follow up testing would determine the efficacy o f  the 
changes made, as well as the need for further modifications. The use o f this objective 
testing can alert the physical therapist of abnormal muscle patterns and gait kinetics that 
could eventually lead to debilitating overuse injuries, such as osteoarthritis, or long-term 
gait abnormalities.
Some of the findings during the research may have more specific clinical 
implications for children with amputations. Three o f the four subjects were identified 
with an increased intemal hip extensor moment in the prosthetic limb, the uninvolved 
limb, or both. This indicates that the hip is being subjected to more forces -  in some
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cases two times normal -  with each step taken. This is particularly true for Subject 3.
The long-term effects of this type o f overuse can lead to such debilitating conditions, 
such as osteoarthritis, at a young age.
The interlimb asymmetry in force production appears to be a significant finding in 
these subjects, as well as in the literature. The asymmetry is indicative o f the uninvolved 
limb working harder than the prosthetic limb during gait. This imbalance may relate to 
the uninvolved limb being more susceptible to fatigue and overuse injuries.
As stated before, most o f the impairments noted in this research are the result of 
decreased ankle power generated from the prosthetic limb during terminal stance.
Ideally, addressing this situation with improved prosthetic design may help to eliminate a 
number of the gait deviations that are present in lower limb amputees.
Limitations
Throughout the course o f creating this research proposal, certain limitations have 
affected the outcome of this study. First and foremost, the availability of children with 
unilateral transtibial amputation was limited. The resulting sample size was too small to 
make meaningful generalizations. The prosthetic foot type that each child used was 
controlled, however the socket and suspension of the prosthesis was not. This may have 
altered some of the gait characteristics of the children. Another limitation was that these 
children were all recruited from the same location, thus decreasing the randomness o f the 
selection process.
The placement o f the retroreflective markers can be a source of error during this
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type of gait test. Efforts were taken to ensure consistency in the placement o f  retro- 
reflective markers on each of the subjects. Despite these efforts, movement o f the 
markers occurs. The surface of each subject’s skin during the test occurs as with each 
step. This can lead to minute variations in marker location during the test, and may result 
in inaccurate data. There is also an inherent amount of intra-tester error in placing the 
markers from one subject to the next.
Typically, the marker placement on a natural ankle is used to identify the ankle 
joint center. The placement of the markers on the ankle o f the prosthetic limb does not 
indicate the true axis of motion. These markers were placed at the same location for all 
four subjects, however it may have altered the kinematic and kinetic findings o f the ankle 
of the prosthetic limb.
Efforts were also taken to ensure consistency in placement of the EMG 
electrodes. The electrodes, like the reflective markers, also possess a similar amount of 
inherent error. The protocol for placing the electrodes is based on recommendations from 
Perotto ( 1994), however the amount of soft tissue between the electrode and the desired 
muscle varies with each subject. In addition, there is an inherent amount of variability in 
electrode placement by the researcher. It is important to note that only the primary author 
was responsible for the placement of the reflective markers and the EMG electrodes.
This was to eliminate the issue with inter-tester reliability.
The electric impulses recorded by the electrodes were also subject to error. 
Cross-talk from muscles adjacent to the target muscle, as well as environmental noise, 
may effect the quality of the recorded signal. Filtering the signals prior to processing
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limits the effects o f these limitations.
Each subject was allowed to ambulate at a self-selected speed during the test. 
Previous research has stated that the abnormalities in gait are more prevalent when the 
subject is required to walk at a pace that is faster than normal (Schnieder et al., 1993).
A possible limitation in the EMG processing method was indicated in an article 
by Bogey, Barnes, and Perry (1992). These authors explained that the ensemble average 
method of summarizing the EMG data from multiple gait cycles - a technique applied in 
this study - might illustrate longer onset and cessation periods than are truly present. This 
would impact the perceived duration o f bursts o f muscle activity during gait, and may 
lead to inaccurate reporting o f muscle activity.
There was a large variance of time in which the subjects had lived with their 
amputation, from 2 years to almost 15 years. The subjects that have lived with their 
prosthetic limb longest may have developed and adapted to their limb more efficiently 
than the subjects who are just leaming how to use their new limb. This would effect the 
consistency of the data that was collected for the four subjects.
Suggestions for Future Research
Based on the scarcity o f published research regarding children with unilateral 
amputations, there is a need for further research regarding the gait of these children.
There are numerous ways that data on these subjects could be researched and presented. 
Some ideas for future research are provided below.
Compiling a database of computerized gait tests of amputee subjects would allow
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prosthetists the opportunity to compare current cases to those of the database. This 
database would allow prosthetists to set standards of normal gait function that they wish 
each client to achieve with their prescribed prosthesis. In order to do this effectively, 
subjects o f all ages, with varying types o f amputations, would need to be tested. This 
would be costly and time intensive, however, in the long run, it may be a more effective 
way to address prosthetic fitting and function.
There is a need for a study that addresses differences in the gait o f  children with 
unilateral transtibial amputations secondary to congenital malformations compared to the 
gait of children that have had short-term traumatic onset unilateral transtibial amputation. 
A study of this kind would illuminate any differences in the gait o f these two populations, 
and allow each child to be treated effectively and efficiently based on the type of 
amputation they have sustained.
There is also a need for a longitudinal study of children with unilateral transtibial 
amputations to understand the time frame that is required for children with new 
amputations to neurologically adapt to their new equipment. This study should also 
incorporate a psychological component to address the subjects changing view of their lost 
limb. A study o f this nature would assist all medical personnel, family, and even the 
child with unilateral transtibial amputations with expectations for recovery, with respect 
to the ability to walk, run, and play, as well as provide insight to the psychological 
demands that these children and their families may encounter.
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Conclusion
The purpose o f this study was to evaluate the gait o f children with unilateral 
transtibial amputation and to describe their gait patterns and parameters. Key kinetic, 
kinematic, and electromyographic findings, as well as temporal-spatial parameters were 
presented and discussed. This research has provided evidence for supporting several key 
findings in previous research. Some of these findings include decreased ankle power 
generation in terminal stance, compensatory hip extension power in early stance, co­
contraction of the rectus femoris muscle and hamstring muscles of the prosthetic limb, 
decreased braking and propulsion of the prosthetic limb, and overall interlimb 
asymmetry. However, the variability of some of the data suggests that there are some 
reported findings in previous research that need to be reviewed and updated. This idea 
should challenge other researchers to investigate this population more thoroughly.
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APPENDIX A 
INCLUSION CRITERIA:
All subjects must meet all o f  the following criteria for inclusion in this study;
1. The subject must be no younger than 5 years old and no older than 18 years old 
at the time of testing.
2. The subject must have had a transtibial amputation at least six months prior to 
the testing date.
3. The subject must be in good health, with no current skin breakdown, 
respiratory ailments, or cardiovascular restrictions.
4. The subject must have completed a rehabilitation program for post-amputation 
training.
5. The subjects must have used the Flex foot for at least a period o f  two months 
(60 days) preceding the testing date.
6. The subject must use their prosthetic device as their primary form of 
ambulation in the community.
7. The subject must have a licensed physical therapist or certified prosthetist 
declare the residual limb free o f problems.
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APPENDIX B
INFORMED CONSENT FORM
Research Topic: A Preliminary Study o f the Gait Characteristics 
o f  Children with Unilateral Transtibial Amputation 
Motion Analysis Center -  Mary Free Bed Hospital
I understand that I am agreeing to participate in a research study that is designed 
to observe the way I walk. I agree to allow the researchers to place detection devices on 
my skin and prosthesis. I understand that I will be questioned by a physical therapist 
about my past medical history, and that this information will be kept confidential. I am 
aware that the physical therapist will examine the condition o f my joints and muscles in 
his pretest evaluation. I am also aware that if my medical history or physical data does 
not coincide with the inclusion criteria, I may not be able to participate in this research 
project. I understand that there will be no direct benefits to myself in being a subject in 
this test, and I will not receive any compensation for participation in this research study.
I understand that I will be wearing shorts and a shirt to adequately expose the 
areas of skin that the detection devices will be on during the test. I understand that I will 
be photographed and videotaped during the course o f the walking test. I understand that 
my records will be kept confidential and will be used solely by the Center for Human 
Kinetics Studies for the purpose of analysis, education, and/or reporting scientific results.
I understand that all of the testing procedures will take two to three hours o f  my 
time on the day of the test. I also understand that none o f these procedures are invasive 
(nothing will penetrate my skin), and that the risks associated with walking, such as 
tripping or falling, are minimal. I am aware that should first aid be necessary in the 
unlikely event of an injury, it will be administered at the scene, however, continued 
medical care will continue under the care of my physician in accordance with my own 
particular financial arrangement.
I understand that participation in this study is strictly on a volunteer agreement, 
and at anytime during the test I may withdraw from the study. I also understand that 
withdrawing from the study will not negatively effect any future treatment that I may 
receive at Mary Free Bed Hospital and Rehabilitation Center. I know that I may ask 
questions to the researchers at any time during the course o f this study and each will be 
answered promptly and thoroughly.
I am aware that my participation in this study will provide information for future 
analysis and may lead to more individualized treatment o f children and adolescents with 
similar conditions.
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This research project has been explained to the subject, and the parent/legal 
guardian and we have had the opportunity to ask questions about this research.
As a subject in this research project, I have read and understand the research that I 
am going to participate in.
Subject's name Subject's signature Date
I am the parent or legal guardian (please circle one) o f  and I
approve of his/her participation in this research study.
Parent / Legal guardian's signature Date
I would like a copy of the research results: Yes / No
Researcher’s Statement:
I have offered the opportunity for any questions or concerns to be voiced about this 
research.
Signature o f the researcher Date
Signature of the wimess Date
Matthew Weston
Physical Therapy Student Researcher 
616.667.9711
Paul Huizenga
Grand Valley State University
Human Subjects Review Board, Chairperson
616.895.2472
Ellen M. Ballard 
Mary Free Bed
Human Subjects Review Committee, Chairperson 
616.242.9201
APPENDIX C
INFORMATIONAL LETTER
Dear_____________ family.
Thank you for your interest in participating in this Physical Therapy Master’s 
Level research project. This study is being conducted through Grand Valley State 
University to explain the walking patterns of children and young adults that have either a 
congenitally absent fibula (fibular hemimelia), or an acquired below-knee amputation. 
This information will be used to give the medical professions a better understanding of 
the effects of these types of amputation on walking patterns, and in the future, allow us to 
better serve other individuals who have this type of condition.
I am looking for subjects who are in good physical health, have had their lower 
extremity amputation for more than six months, have good walking patterns, and who’s 
residual limb is free of problems. If you qualify in these areas, then you can be included 
in this study.
On the day of the study, we ask you to come to the Mary Free Bed Human 
Kinetics Lab, 2010 Raybrook, Suite 101, in Grand Rapids, just off of Burton and East 
Beltline. A map is enclosed for your convenience. The study will take approximately 
three hours, and will not involve any invasive procedures (nothing will penetrate your
skin).
Upon arrival, I will give you an orientation to the lab, have you sign a consent 
form, and fill out a medical history form. A physical exam to test your strength and 
flexibility will be performed by a Master’s level student in physical therapy, and 
observed by a licensed physical therapist. I ask that you bring a shorts and a T-shirt or 
similar clothing so that we can take accurate measurements and attach markers to your 
lower body appropriately.
The markers that are used are reflectors that reflect red light back to the camera 
system. You will also have electrodes attached to you that will measure the amount of 
energy in your muscles as you walk. The markers and electrodes will be attached to you
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with tape or rubber straps.
After you become used to the equipment, you will be asked to wear a backpack 
type transmitter and walk back and forth across an 8-foot walking space. I will be 
collecting data as you walk until there are five successful trials for each leg.
This is a very brief description o f the test. I do hope you will participate in this 
study, and I thank you in advance for you participation. Feel free to contact me at (616) 
667-9711 if you have any questions or concerns.
I look forward to meeting you!
Sincerely,
Matt Weston, SPT
APPENDIX D
MEDICAL QUESTIONNAIRE
Name: Birthdate: Age:
Date of Amputation:
Reason for amputation:
Medical History:
List any major illnesses, injuries, etc. that you have had in past two years:
List any prescribed medications that you are currently taking:
List any surgeries that you have had in the past two years:
Do you have a history of any of the following?
-Diabetes
-Coronary problems 
-Heart Arrhythmia 
-Lung Problems 
-COPD
Vision/Hearing Deficits (please list):
In your residual limb, do you or have you experienced : 
phantom sensation (pain, numbness, tingling)?
If yes, please describe:
- skin breakdown in the past 12 months?
If yes, please describe to what extent and when this occurred:
- swelling in the past 12 months?
If yes, please explain:
Do any of these affect your ability to walk?
If yes, please explain:
Prosthetic History:
How old is your current prosthesis?
How many prostheses have you had?
Please describe what type of prosthesis you are currently using?
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APPENDIX E
CLINICAL EXAMINATION FORM
Name: Date:
Height:_____ (in)________(cm) Weight:_______(lbs.)________ (N)
Prosthesis is on the RIGHT / LEFT side.
Weight of prosthesis with shoe on________ (lbs.)
Standing posture:_______________________________________________
Range of Motion Strength 
R L R
Hips:
Extension 
(prone knee bent) 
Flexion (seated) 
SLR
Abduction (supine) 
Adduction (supine) 
Ober Test 
Internal Rotation 
(prone)
External Rotation 
(prone)
Knee:
Flexion (prone) 
Extension (seated)
Ankle: (Seated with knee flexed to 90)
Dors i flex ion   _
Plantarflexion   _
Inversion   _
Eversion
Comments:
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APPENDIX F 
OPERATIONAL DEFINITIONS FOR MARKER PLACEMENT
Sacrum - Placed at the midpoint between right and left posterior superior iliac spines on 
the spinous process o f the second sacral vertebrae.
Right and Left Anterior Superior Iliac Spines - placed on the apex o f the ASIS
Thigh Wand - placed so the top of the wand is located at 50% of the thigh length from the 
greater trochanter to the lateral condyle.
Medial Condyle - placed on the most prominent portion of the medial condyle reflecting 
the axis of the knee. (Only used in standing trials)
Lateral Condyle - placed directly on the apex of the most prominent portion o f the lateral 
condyle reflecting the axis about which the knee rotates.
Proximal Shank - placed just below the apex of the tibial tuberosity.
Distal Shank - placed on the anterior crest at 70% of the calf length distance. Calf length 
is defined by measuring the distance between the lateral superior plateau o f the tibia and 
the lateral malleolus.
Posterior Shank - placed directly posterior to the distal shank under the gastrocnemius 
muscle belly in the transverse plane with the distal shank.
Calcaneous - placed on the midpoint of the calcaneous just below the insertion of the heel 
cord and placed in the same transverse plane as the lateral foot marker.
Lateral Foot - placed posterior to the base o f the 5th metatarsal and in the same transverse 
plane as the calcaneous marker.
Medial Foot - placed so that it is in the same transverse plane as the calcaneous and 
lateral foot markers. It also must be placed so that the intersection of the medial and 
lateral foot markers forms a line ftom the calcaneous and follow the 2nd metatarsal 
reflecting foot progression.
Lateral and Medial Malleoli - placed 3mm anteriorly and inferiorly to the apex of the 
malleolus. (Only used in standing trials)
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